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Dissolved organic matter (DOM) is a major component of natural waters and provides
essential nutrients for aquatic organisms. However, excess DOM in the water results in water
quality issues and affects the aquatic life negatively. The present research evaluated the source,
composition, reactivity, dynamics, and the spatial distribution of DOM in diverse water bodies
using spectrofluorometric methods in tandem with multivariate statistics. The study was
conducted in the inland and coastal water bodies of Mississippi, Louisiana, and Alabama over a
period of three years (2016 to 2018). Surface water samples were collected from spatially
separated waterbodies with diverse land use and land cover classes. In addition, reactivity of
DOM was assessed by conducting a series of laboratory experiments at varying magnitudes of
sunlight and bacterial activity. Spatial distribution and mobility of DOM, nutrients and trace
elements with respect to land cover classes and hydrology was evaluated using watershed
delineation and multivariate statistics. Results suggest that microbial humic-like or protein-like
DOM compositions derived from microbial/anthropogenic sources were less reactive than the
terrestrial humic-like compositions originated from forests and woody wetlands. Furthermore,
the sunlight was the major factor causing the degradation of DOM in the water bodies, while

temperature had a minor effect. Additionally, the results also suggest that livestock fields in the
pastoral and rangelands release a high amount of microbial humic-like DOM along with
nutrients such as phosphates and nitrates into the water bodies. Present research identified the
presence of four types of DOM in the study areas and were terrestrial humic-like, microbial
humic-like, soil-derived humic-like and protein-like compositions. Additionally, trace element
availability and mobility of coastal areas is influenced by local hydrology and precipitation.
Research also identified forested areas as the major source of DOM to the water bodies of
Mississippi. In conclusion, present research found that watershed land use and land cover,
hydrology, and climate control the dynamics of DOM, other nutrients, and trace element delivery
to the water bodies, while combined effects of light and bacteria are more efficient in
reprocessing DOM chemistry within the waterbody.
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INTRODUCTION
Dissolved organic matter (DOM) is a major component of natural waters and composed
of a complex mixture of humic and fulvic acids, low molecular weight organic acids,
carbohydrates, and various bacterial derived proteins. Chromophoric dissolved organic matter
(CDOM) is the optically measurable component of the dissolved organic matter in water (Her et
al., 2003). Even though CDOM comprises only a small fraction of DOM, it strongly correlates
with dissolved organic carbon (DOC) concentration (Mannino et al., 2014). The major part of
DOM is DOC with additional nutrients such as dissolved organic nitrogen (DON), dissolved
organic phosphorus (DOP), and dissolved organic sulphur (DOS), which altogether act as energy
source for various microorganisms (Cleveland et al., 2004). DOM originates from allochthonous
sources including ex situ decomposition of terrestrial plant and organic materials or
anthropogenic synthetic organic material or autochthonous sources including in situ
phytoplankton production and bacterial cell lysis in aquatic environments (Stedmon &
Markager, 2005a; Singh et al., 2017a). Allochthonous DOM is composed of humic substances
such as humic and fulvic acids of terrestrial origin and autochthonous DOM is composed of
fulvic acids of phytoplankton or algal origin (Nagata 2000). Bacterial decomposition and
zooplankton grazing are two most common processes for the production of autochthonous DOM
present in natural waters (Stedmon & Markager, 2005; Mostofa et al., 2013; Singh et al., 2017).
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The filtrate part of the organic material (0.1-0.7µm) in the water is known as DOM,
which is a major component of global carbon cycle that undergoes remineralization and
respiration reactions, thus regulates estuarine and ocean acidity (Cai et al., 2011; Sunda & Cai,
2012). It also plays a key role in the biogeochemical cycling of trace and toxic metals in the soil
and aqueous environments owing to its metal binding capacity and solubility (McKnight et al.,
1992; Benedetti et al., 1996; Mladenov et al., 2008). DOM supports aquatic food webs,
attenuates light in the water column, and mobilizes and transports pollutants (Miettinen et al.,
1999; Hansen et al., 2016). The predominant land use and land cover type present in the
watershed and the phytoplankton community in the waterbody influence the DOM composition
(Williams et al. 2010; Singh, et al. 2014; Kothawala et al., 2014; Singh et al. 2017).
The reprocessing of DOM by natural process like photodegradation (sunlight induced
decomposition) and biodegradation (microbial decomposition) can control the amount and
composition of DOM and its components in any natural water bodies (Stedmon & Markager,
2005a; Medeiros et al., 2015; Hansen et al., 2016; Singh et al., 2017a). The photodegradation can
break larger DOM molecules and compounds into smaller labile molecules and later can
transform them even into high molecular weight refractory DOM byproducts, whereas the
biodegradation can lead to the removal of low molecular weight aliphatic materials like proteins,
carbohydrates, and organic acids, which may lead to formation of high molecular weight
aromatic compounds like fulvic and humic acids from the alteration of existing compounds or
can be freshly produced by heterotrophic bacteria (Hansen et al., 2016). Photodegradation,
biodegradation, and their combined effects are pivotal to the reprocessing and compositional
changes of DOM in natural water bodies (Mopper et al., 1991; Stedmon & Markager, 2005a;
Stedmon et al., 2006; Hansen et al., 2016). Photodegradation of humic substances can lead to the
2

formation of low molecular weight carbon species in natural waters (Mopper et al., 1991; Shank
et al., 2009). Similarly, biodegradation can lead to the rapid consumption and removal of
autochthonous DOM by microbes. Both photo and biodegradation can lead to the production and
accumulation of more complex refractory mixture of both large humic molecules and low
molecular weight organic matter in the water column, which can be persistent for logner period
(Stedmon & Markager, 2005a, 2005b)
High microbial activity, high fungal abundance, and any conditions that enhance
mineralization can promote high DOM concentrations in soil. There are strong indications that
microbial degradation of DOM controls the fate of DOM in the soil (Kaiser & Kalbitz, 2012).
The presence of soil organic matter can cause the release of trace elements adsorbed in the soil.
DOM in natural waters is highly reactive toward metals and is a clear candidate to influence its
mobility (Redman et al., 2002; Bauer & Blodau, 2006; Sharma et al., 2010). Studies also show
that organic anions (citrate, malate, and oxalate) can enhance the leaching of heavy metals (e.g.
As, Mn, Cd etc.) from soils (Kalbitz & Wennrich, 1998; Lin et al., 2002; Zhang et al., 2005).
Prominent metal binding sites have been identified in well characterized fulvic acids (Leenheer
et al., 1998). Studies also show that the presence of fulvic or humic acids leads to the desorption
of heavy metals from the sorption sites and thus increase their concentration in the solution
(Gustafsson, 2001; Simeoni et al., 2003).
The major rivers in Mississippi are the Mississippi River, Pearl River, Pascagoula River
and the Tombigbee River, along with their main tributaries. These rivers drain through the
agricultural, forested, and wetland areas of southern states, and transport high amount of
dissolved carbon, nitrate, phosphate, and trace elements (Alexander et al., 2008; Joung and
Shiller, 2016). Several studies reported the contamination of trace elements such as arsenic,
3

mercury and lead in the estuaries, bays and offshore regions of Northern Gulf of Mexico
(NGoM) has been attributed to urban and agricultural runoff as well as atmospheric deposition
(Apeti et al., 2012; Lewis and Chancy, 2008). Also, there is a strong correlation between the
amount of water discharged and the quantity of organic matter delivered through the coastal
rivers of the United States (Reuter & Perdue, 1977; Keul et al., 2010; Zhou et al., 2016).
Furthermore, the spatial variability of DOM, especially in the southern United States is
controlled by the land use and land cover types present in the watershed (Singh et al., 2017). The
presence of significantly higher concentrations of lignin in the waters of Mississippi and Pearl
Rivers were attributed to terrestrial sources like from wetlands and forest soils (Bianchi et al.,
2007). The dynamics of DOM in the Mississippi river plume were studied by various authors
(Singh et al., 2010; Stolpe et al., 2010; Cai et al., 2016; Zhou et al., 2016). However, there is
dearth of information about the chemistry and dynamics of DOM, other nutrients, and trace
elements in the surface waterbodies of southern US, Mississippi, Alabama, and Louisiana in
particular.
The parallel factor analysis (PARAFAC) of absorbance and fluorescence data in terms of
excitation emission matrix (EEM), along with the optical proxies such as specific ultraviolet
absorbance at 254 nm (SUVA254), spectral ratio (SR), absorbance at 440 nm (a440), fluorescence
index (FI), biological index (BIX), and humification index (HIX) are effective in characterizing
DOM composition (Stedmon and Bro 2008; Singh et al. 2017; Hansen et al., 2016). PARAFAC
is a multivariate statistical teachnique, which can decomepose three dimansional EEMs into
meaningful DOM componenets or compositions. Site specific PARAFAC models are usfull in
explaining the biogeohcmical cycle of DOM in an aquatic systems (Williams et al. 2010; Singh,
et al. 2014; Kothawala et al., 2014; Singh et al. 2017).
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In the present resarch DOM chemistry was characterized by using PARAFAC analysis.
The main goal of the research was to identify the chemistry, source, and dynamics of dissolved
organic matter (DOM), other nutrients, and trace elements in the inland and coastal areas of
Mississippi, Alabama, and Louisiana. The above goal was achieved through the following
studies1. Effect of photo-biodegradation and biodegradation on the biogeochemical cycling of
dissolved organic matter across diverse surface water bodies of Mississippi, Alabama and
Louisiana.
2. Dissolved organic matter and trace element variability in a blackwater-fed bay
following precipitation
3. Land use and land cover control on the spatial dispersal of dissolved organic matter
across surface water bodies
The three studies were divided among three chapters in the thesis. Chapter two deals with
the reactivity of DOM present in surface water bodies originated from different sources in the
presence and absence of sunlight and bacteria. Chapter three deals with the DOM, other
nutrients, and trace elements delivery with respect to local precipitation into a blackwater river
fed coastal bay, Weeks Bay in Alabama. In chapter four, a classification scheme was developed
for 41 lakes in the state of Mississippi using DOM composition and land use land cover of their
watersheds. Present research developed a set of new parallel factor models to study the
photolytic reactivity of DOM. Current research is the first study to evaluate the dynamics of
nutrient and trace element delivered into the Weeks Bay based on DOM composition and
multivariate statistics. Present research is also first work ever to be done to create a classification
scheme for most of the surface water bodies across the state of Mississippi based on DOM
5

composition and its sources in the watershed. Current research highlights the importance of
DOM, other nutrients, and trace element chemistry and budget in relation to different types of
land use land cover classes, hydrology, and climate of the watershed. Present study also
highlights the importance of DOM reactivity based on its origins and emphasizes the influence of
anthropogenic land-use on DOM reactivity. Inclement climatic conditions are predicted for the
southern states, particularly for Mississippi, Alabama, and Louisiana in near future. The present
research highlights the need for the periodic monitoring of water quality in terms of DOM
composition, other nutrients, and trace elements with respect to land use land cover classes,
hydrology, and local climate. Thus, this research will benefit various water quality monitoring,
coastal environmental, riparian restoration, and ecosystem remediation and conservation
programs.
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EFFECT OF PHOTO-BIODEGRADATION AND BIODEGRADATION ON THE
BIOGEOCHEMICAL CYCLING OF DISSOLVED ORGANIC MATTER
ACROSS DIVERSE SURFACE WATER BODIES
Sankar, M S., Dash, P., Sigh, S., Lu, Y H., Mercer, A., Chen, S. (2019). Effect of Photobiodegradation and Biodegradation on the Biogeochemical Cycling of Dissolved Organic Matter
Across Diverse Surface Water Bodies, Journal of Environmental Sciences, 77, 130-147.
2.1

Abstract
The objective of this research was to quantify the temporal variation of dissolved organic

matter (DOM) in five distinct waterbodies in watersheds with diverse types of land use and land
cover in the presence and absence of sunlight. The water bodies were an agricultural pond, a lake
in a forested watershed, a man-made reservoir, an estuary, and a bay. Two sets of samples were
prepared by dispensing unfiltered samples into filtered samples in a 1:10 ratio. The first set was
exposed to sunlight (10 hours per day for 30 days) for examining the combined effect of photobiodegradation, while the second set was stored in a dark for examining biodegradation alone.
Optical indices from absorbance and fluorescence measurements in tandem with multivariate
statistics were used to interpret DOM lability and composition. The results suggest that the
agricultural pond behaved differently compared to other study locations during degradation
experiments, which is due to the presence of higher amount of microbial humic- like and proteinlike components derived from microbial /anthropogenic sources. For all samples, a larger
decrease in dissolved organic carbon (DOC) concentration (10.12±9.81% for photo11

biodegradation and 6.65±2.83% for biodegradation) and rapid transformation of PARAFAC
components (i.e., terrestrial humic-like components into microbial humic and protein-like
components) was observed during photo-biodegradation experiments. Results suggest that the
interplay of sunlight facilitated DOM biodegradation, resulting in simpler recalcitrant molecules
regardless of original composition. Overall, it was found that combined effects of light and
bacteria are more efficient than bacteria alone in reminaralizing and altering DOM, highlight the
crucial importance of sunlight in transforming aquatic DOM.
2.2

Introduction
Dissolved organic matter (DOM) is a ubiquitous component in natural waters, composed of

a complex mixture of humic acids, fulvic acids, low molecular weight organic acids,
carbohydrates and bacterial-derived proteins (Coble et al., 1998; Mcknight et al., 2001; Her et
al., 2003). DOM represents a significant part of global carbon cycle, influences water quality,
color, and transparency, and plays a key role in the biogeochemical cycling of nutrients and trace
metals (Cai et al., 2011; McKnlght et al., 1992; Medeiros et al., 2015; Mladenov et al., 2008;
Sharma et al., 2010; Stedmon et al., 2006; Sunda and Cai, 2012). Dissolved organic carbon
(DOC) concentration is a measure of organic carbon content in DOM. DOM also includes other
nutrients such as dissolved organic nitrogen (DON), dissolved organic phosphorus (DOP), and
dissolved organic sulfur (DOS) (Cleveland et al., 2004). DOM present in aquatic environments
can be autochthonous (in situ phytoplankton production and decomposition or bacterial cell
lysis) or allochthonous (transported decomposed terrestrial plant and organic materials) or can
originate from synthetic organic or anthropogenic sources (Shang et al., 2018; Singh et al., 2017;
Mostofa et al., 2013; Stedmon and Markager, 2005; Nagata 2000). Natural reprocessing of DOM
through photodegradation (sunlight induced decomposition) and biodegradation (microbial
12

decomposition) or their combined effect can control the quantity and quality of DOM (Hansen et
al., 2016; Medeiros et al., 2015; Mopper et al., 1991; Moran et al., 2000; Moran and Zepp, 1997;
Singh et al., 2017; Stedmon et al., 2006; Stedmon and Markager, 2005). Photodegradation
reactions can lead to the transformation of the complex DOM into much simpler labile
bioavailable forms like carbonyl compounds, carbon dioxide gas, nitrogen and phosphate
compounds that can stimulate bacterial growth (Gonsior et al., 2014; Moran et al., 2000; Moran
and Zepp, 1997; Timko et al., 2015). Fluorescence studies show that the terrestrial derived DOM
is much more photo-reactive than the bacterial-derived DOM compounds (Kieber et al., 1990;
Timko et al., 2015; Lu et al., 2013).
Studies using Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS)
and Nuclear Magnetic Resonance (NMR) have revealed that photodegradation can decrease the
molecular diversity of DOM species compared to biodegradation and also reported that the
photo-labile DOM species were characterized by more aromatic, high molecular weight, sulfurphosphorus or sulfur-nitrogen containing, or aliphatic and peptide compounds (Stubbins and
Dittmar, 2015; Gonsior et al., 2014; Lu et al., 2013). However, there are conflicting views about
the nature and composition of DOM produced as a result of photo and biodegradation. Some
studies have shown that photodegradation can lead to the production of smaller labile bioavailable byproducts and dissolved inorganic carbon (DIC) while some other studies have
reported that photodegradation can form higher molecular weight refractory DOM compounds
(Hansen et al., 2016; Moran and Zepp, 1997; Obernosterer et al., 1999; Benner and Biddanda,
1998). Meanwhile, the less condensed and labile low molecular weight materials like proteins,
carbohydrates and organic acids can be preferentially removed during biodegradation (Hansen et
al., 2016; Hur et al., 2011). Studies have also indicated that microbial degradation of DOM can
13

lead to the formation and enrichment of higher molecular weight fulvic and humic acids with
higher aromatic content (Hansen et al., 2016; Hur et al., 2011; Kalbitz et al., 2003; Stimler et al.,
2006). Bacterially derived carbon, which is lighter and recalcitrant (low molecular weight and
resistant to degradation) is more resistant to microbial degradation and hence can cause an
increase in their presence in water bodies (Kawasaki et al., 2013). Predominant type of
vegetation in the watershed and the microbial community existing within the waterbody can also
influence its DOM composition and hence the reactivity to photochemical and biological
degradation (Kothawala et al., 2014; Lu et al., 2015, 2013, 2014, Singh et al., 2017, 2014;
Williams et al., 2010; Shang et al., 2018). Allochthonous fulvic acids are high molecular weight
heterogeneous compounds, which are photolytically reactive but refractory to microbial
degradation (McKnight et al., 1988; Shank et al., 2009). In contrast, autochthonous fulvic acids
are less aromatic with low molecular weight and are less biorefractory and photoreactive than
allochthonous DOM (Williams et al., 2010).
In the present study, we have evaluated the reactivity of DOM with respect to its sources
using a series of laboratory-based photo and biodegradation experiments and fluorescence and
absorption techniques. We have modeled our data using Parallel factor analysis (PARAFAC) and
multivariate statistics to understand the reactivity of DOM over time based on its source. Our
main objectives were to 1) evaluate the differences in the reactivity of DOM generated from
diverse sources in the presence and absence of sunlight, and 2) understand the changes in the
nature and composition of DOM due to photo-transformation and biodegradation.
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2.3
2.3.1

Methods
Study sites Land use land cover classes and experimental set-up
The study sites included a lake surrounded by forest (Bluff Lake, Mississippi; L), an

agricultural pond (Brooksville, Mississippi; P), a reservoir (Ross Barnett, Mississippi; R), the
estuary of a river (Lower Pearl River, Louisiana; E) and a bay (Weeks Bay, Alabama; B). These
water bodies were selected based on the distinct land use and hinterland vegetative cover to
encompass a broad range of variability in DOM chemistry in the southern states of USA (Fig.
2.1).
The land use land cover (LULC)dataset of the study areas were downloaded from United
States Department of Agriculture (USDA) geospatial data gateway. United States Geological
Survey (USGS) hydrologic unit code 12 (HUC-12) watershed boundaries were also downloaded
from USDA geospatial data gateway. The LULC dataset were cropped using the HUC-12
watershed boundaries for each of the sampling sites using ArcGIS® 10.3.1 software platform.
The seven major LULC classes in the HUC-12 watersheds draining to the water bodies were
urbanized area, barren land, forest, pasture, agriculture and woody/ herbaceous wetland. Their
areal coverages are presented in Table 2.1. Among the waterbodies, the estuary (E) was the
largest with an area of 170.56 km2, which was 3.60% of its total watershed area whereas the
pond (P) was the smallest (4.32 km2) with 3.58% of its watershed area. The dominant LULC in
the watersheds of all the study sites were forest and woody herbaceous wetland except for the
pond (P) for which the dominant LULC was pasture and agriculture with an area of 35.09 km2
and 30.50 km2, which was 29.08 % and 25.28 % of their total watershed areas, respectively
(Table 2.1).
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Figure 2.1

Location of the study areas: an agricultural pond, P (Brooksville Pond); a lake in a
forested watershed, L (Bluff Lake); two sites in a man-made reservoir, Ross
Barnett Reservoir (R1 and R6); an estuary, Lower Pearl River estuary I; and two
sites in a bay, Weeks Bay North (B1) and Weeks Bay South (B2). The dates of
sample collection were 6/19/2016 (B1); 6/26/2016 (B2); 6/27/2016 I; 7/13/2016
(P); 08/08/2016 (R1); 08/08/2016 (R6); 08/19/2016 (L).

Three litters of surface water samples were collected in clean, acid-washed HDPE bottles
from each of the five different water bodies. A total of seven samples were collected following
16

the protocol of Dash et al. (2015); one each from the agricultural pond, forested lake, estuary and
two samples each from reservoir and bay (Fig. 1). The Pond (P) and lake (L) samples were
collected from the central location and estuary I samples were collected from the river thalweg.
The two of the bay samples were collected near the mouth of the two rivers draining into the bay,
one was from the northern end (B1) and the other from the southeastern side (B2). One reservoir
sample was collected near the spillway (R1), while the other was from the central part of the
reservoir (R6). Immediately after the collection, samples were stored in an airtight cooler filled
with ice and were transported back to the lab for filtration. Initially, the water samples were
filtered using 0.7µm Whatman® GFF filter to remove larger particles. Afterwards, the filtrate
was re-filtered through 0.2 µm Whatman® nucleopore track-etch membrane filters.
Watershed land use and land cover of the study areas
Bay (B)
LULC
Area Area
Types
(km2)
(%)
Water
4.49
1.86
Urban
33.23 13.75
Barren land 2.20
0.91
Forest
45.18 18.69
Pasture
49.02 20.29
Agriculture 64.86 26.84
Woody/
42.68 17.66
Herbaceous
wetland
Total Area 241.65 100

2.3.2

Reservoir (R)
Area
Area
2
(km )
(%)
102.69 20.94
47.61
9.71
0.27
0.06
178.28 36.35
39.15
7.98
15.01
3.06
107.47 21.91

Lake (L)
Area Area
(km2)
(%)
5.51
2.76
6.67
3.35
0.05
0.02
67.28 33.79
37.92 19.04
6.01
3.02
75.71 38.02

Pond (P)
Estuary (E)
Area Area
Area
Area
2
2
(km )
(%)
(km )
(%)
4.32
3.58 170.56 3.60
5.18
4.29 470.22 9.93
0.13
0.10
17.42
0.37
19.64 16.27 2630.17 55.56
35.09 29.08 434.98 9.19
30.50 25.28 66.64
1.41
25.81 21.39 943.81 19.94

490.48

199.14

120.65

100

100

100

4733.79

Photo-biodegradation and biodegradation experiments
For each 0.2 µm filtrate sample, two sets of samples were prepared for photo-

biodegradation and biodegradation experiments, respectively. For samples E and B2, each set
consisted of six samples and six duplicates, whereas for rest of the sites, each set consisted of
17

100

seven samples and seven duplicates. The above sets were prepared by dispersing 20mL of
unfiltered fresh water sample (inoculum) in 180mL of the filtered sample in the ratio of 1:10 in
an acid washed pre-combusted 250mL Fisherbrand® French square transparent glass bottles
using a pipette. The inoculum was added to disperse the actual bacterial community back into the
experimental system. Sufficient headspace was maintained by not filling the mixture to the
mouth of the bottle. The resultant solution was mixed well via manual shaking. The mouth of the
bottle was covered by parafilm® to avoid contamination but to allow gas (oxygen) exchange
during the experiment. The transparent glass and parafilm provide maximum visibility with no
chemical inference with the samples. However, some ultraviolet (UV) wavelengths (< 290 nm)
were blocked by the glass (Kenneth, 2017). The photo-biodegradation experiments involved
exposing one set of samples and the duplicates to a minimum of ten hours of sunlight per day in
an unshaded area on the campus of Mississippi State University, and at the end of day samples
were stored back in a dark room at 25°C. The mean daily temperature during the period (JuneSeptember 2016) of the photo-biodegradation experiment at Starkville, MS was 26.55°C with a
minimum of 25°C and maximum of 28°C.
Similarly, the biodegradation experiment involved incubating the subsamples and
duplicates in a dark room at 25°C. Before biodegradation incubations, the sub-samples and
duplicates were wrapped in aluminum foil to prevent light exposure. Both experiments were
continued for 30 days. After the experiments, both sub-samples and duplicates were refiltered
using 0.2µm Whatman® nucle pore track-etch membrane filter into pre-washed preheated clean
Fisherbrand® amber glass bottles and were refrigerated at 4°C for further analysis.
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2.3.3

Sample Analysis
The DOC and Total Nitrogen (TN) concentration of the experimental solutions (samples

and duplicates) were measured using a SHIMADZU® TOCv-TNM1 total organic carbon-total
nitrogen analyzer equipped with an ASI-V autosampler following the method described in Shang
et al., 2018.
The absorption characteristics of the experimental solutions were analyzed using a
PerkinElmer Lambda 850 double-beam spectrophotometer equipped with a 150-mm spectralon
coated integrating sphere following the analytical procedure described in Singh et al., 2017. The
absorption spectrum was collected between 200 to 750 nm wavelengths at the 2nm interval by
using a clean 4 mL quartz cuvette of 1cm path length. The blank subtracted sample values were
used to remove the effect of water and scattering. Then Napierian absorption coefficient (a) for
each of the sample and duplicates were calculated from the blank corrected absorbance value (A)
for each wavelength (λ) in inverse meters (Green and Blough, 1994; Singh et al., 2017, 2010;
Yates et al., 2016).
The fluorescence characteristics in terms of excitation-emission matrices (EEM) of the
samples (photo-biodegraded and initial samples) were analyzed in a Horiba Jobin Yvon Inc.,
Fluoromax-4 spectrofluorometer (Edison, NJ, USA) by following the procedure described in
Singh et al., 2017. The EEM spectra for each sample was recorded with excitation wavelength
range from 240-450 nm at 10 nm increment and with a slit width of 5 nm. Similarly, the
emission spectra of the samples were collected from 300-550 nm wavelengths at every 2 nm
increment with a slit width of 5 nm over 0.25 seconds of integration time. The company
specified instrumental corrections were also applied while collecting the blank and sample
EEMs. The sample EEMs were corrected for blanks, Raman normalization, and inner filter
19

effects prior to the calculation of fluorescence indices and PARAFAC modeling (Kothawala et
al., 2013; Lawaetz and Stedmon, 2008; Murphy et al., 2010; Singh et al., 2017).
2.3.4

Absorption and fluorescence indices and PARAFAC modeling
A total of 87 samples from the photo-biodegradation and biodegradation experiments

with 126 emissions and 43 excitation wavelengths were used to create a PARAFAC model. The
total 87 samples constitute 40 samples from the photo-biodegradation experiment, 40 samples
from biodegradation experiment and 7 initial samples (time=0 hours). The duplicates were not
used for the PARAFAC modeling because they can artificially increase the sample size and
hence the power of statistical validation test. Prior to the PARAFAC modelling, the emission
wavelengths were interpolated at 4nm increments and excitation wavelengths were interpolated
at 5nm increments for all EEMs. Next, the EEMs were normalized to the daily determined water
Raman integrated area under maximum fluorescence intensity (350 ex/397 em, 5-nm bandpass)
to normalize the EEM data to comparable Raman units (R.U.). After the outlier analysis
(removing exceptionally different samples), the sample size was reduced to 85. The model
validation was carried out using split-half analysis and random initialization, and a fourcomponent PARAFAC model was created. The model explained 99% of the variation among the
total EEM data. The scores of four PARAFAC components were expressed in Raman units
(R.U) as their fluorescence intensity maximum (Fmax).The DOMFluor toolbox in MATLAB®
computing environment was used for PARAFAC analysis (Stedmon and Bro, 2008). The
lability-related statement of each PARAFAC component was directly assessed via the
degradation experiments in the present study. The absorption and fluorescence spectra were also
used to generate several proxies that are used to identify DOM sources and quality. Specific UV
absorbance at 254 nm (SUVA254) was calculated by dividing a254 by the DOC concentration.
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Slope ratio (SR) is the ratio of the average absorption coefficient from 275 to 295nm and from
350 to 400nm. Fluorescence index (FI) was calculated by taking the ratio of emission
wavelengths at 470 nm and 520 nm acquired at excitation wavelength 370 nm. Humification
index (HIX) was calculated by dividing peak integrated area of emission spectra between 300345nm with the sum of peak integrated area of emission spectra between 300-345nm and 435480nm at 254nm excitation. Biological index or freshness index (BIX) was the ratio of emission
intensity at 380 nm divided by the emission intensity maximum observed between 420 and 435
nm, obtained at ex 310 nm. These proxies are well-accepted indicators for the origin and lability
of DOM. The details of the calculations and its uses were described in Hansen et al. (2016). The
values of the indices were expressed by taking the mean and standard deviation of the duplicate
measurement of each sample.
2.3.5

Rate of degradation of DOM and aromaticity decline
The rate of DOC degradation (DOC concentration) and aromaticity decline (a254) during

photo-bio and biodegradation experiments (per hour and days) were calculated separately for all
samples and duplicates by fitting a single, two or three parameters exponential decay equation
(2.1) along their DOC concentration and absorption coefficients (a254) as:
A=A0e-kt

(2.1)

where A is the DOC concentration and use a254 value at the time t; A0 is the value of DOC
concentration and use a254 when time ‘t’ is zero, k is the rate (per day), ‘t’ is the length of the
exposure/incubation time (hour). The half-life of both DOC degradation and a254 decline (days)
in all study areas were also calculated (Lu et al., 2013; Shang et al., 2018; Shank et al., 2009) as:
A=A0 2-t/h
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(2.2)

where ‘h’ is the half-life (equation 2.2). The rate and half-life, as well as their mean and standard
deviation between the sample and duplicate, were calculated separately for each sample.
2.3.6

Statistical Analyses
Principal component analysis (PCA) was performed among the PARAFAC components,

fluorescence indices, absorption indices, DOC- TN concentration, and exposure times to
understand relationships among these parameters and to classify samples based on their DOM
source. A Mann-Whitney-U test (α=0.05) was performed to test if the photo-biodegradation was
significantly faster or slower than the biodegradation experiment. The t-test of regression
(α=0.05) was performed to calculate the p value to estimate the significance of slope for
absorption and fluorescence indices in predicting the extent or rate of photo-bio and
biodegradation.
2.4
2.4.1

Results
Temporal variation of DOC and TN during photo and biodegradation
experiments
There is an overall decrease in DOC concentration, for most of the samples during both

photo-biodegradation (10.12±9.81%) and biodegradation (6.65±2.83%) experiments (Fig. 2.2).
The only exception was B2 (southern part of the bay) sample that showed a slight increase
(2±1.24%) in DOC concentration during the photo-biodegradation experiment. The TN
concentration did not follow any regular patterns during the photo-biodegradation experiment.
By comparison, there was an overall increase in TN for all samples except for B2 (5.27±8.61%
decrease) during the biodegradation experiment. Certain local fluctuations (increase or decrease)
in DOC and TN concentrations were observed over the course of both experiments.
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Figure 2.2

2.4.2

Temporal change in concentrations of dissolved organic carbon (DOC) and total
nitrogen (TN) during photo-biodegradation (P+B) and biodegradation (B).

PARAFAC components DOM indices
A total of four different PARAFAC components (C1, C2, C3, C4) were determined.

Among the four components, two were microbial or tryptophan-like or tyrosine-like (C1 and C4)
autochthonous DOM components, and the other two (C2 and C3) were of humic-like or fulvic
acid-like DOM of terrestrial origin (Fig. 2.3). All four PARAFAC components have been
previously reported (Table 2.2). Over the course of both photo-bio and biodegradation
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experiments, the Fmax (in R.U.) for the component C1 was highest for all the samples (Figs. 2.4,
2.5). In all the samples, the changes in component C1 and C4 displayed trends opposite to those
of components C2 and C3. The component C4 in the bay (B1, B2) and agricultural pond (P)
showed greater fluctuations during the biodegradation experiments (Fig. 2.5).
2.4.3

Absorption and fluorescence indices and their temporal variation
During photo-biodegradation, both a254 and SUVA254, measures of aromaticity showed

decreasing trends while the SR, which is inversely related to molecular weight, showed an
increasing trend (Fig. 6). The estuary I samples had the greatest decrease in a254 values (p=0.20;
48.08±1.76%) and the agricultural pond (P) samples showed the lowest decrease (p=0.001;
18.4±0.13%). For SUVA254, the forested lake (L) samples showed the lowest decrease (p=0.39;
15.65±3.37%), while estuary samples showed the greatest reduction (p=0.24; 40.03±0.47%). The
greatest increase in SR values was observed for the estuary I samples (p=0.19; 166.84±1.74%),
while the minimum increase was observed for samples from the central part of the reservoir, R6
(p=0.60; 40.23±3.65%).
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Parallel factor (PARAFAC) components
Components (Ex/Em) unit nm
Description and Reference
Microbial humic like; autochthonous and biologically
labile component, microbially reprocessed; Tryptophanlike (wastewater), Marine-humic; biological production
C1 (<250-300/402)
in river, estuarine, and near-shore marine ecosystems,
C2 (Singh et al., 2017)
FH2 (Singh et al., 2013)
C3 (Kowalczuk et al., 2010)
G1 (Yu et al., 2015)
C3 (Singh et al., 2010)
C3(Lu et al., 2013)
C4 (Yamashita et al., 2010)
Terrestrial humic like, Oxidized and reduced; UV humiclike, common in Terrestrially-derived components
common in various nearshore, wetlands, forest streams;
C2(<250-350/436)
Humic like, fulvic acid-type, Terrestrial origin
C1 (Singh et al., 2017)
FH1(Singh et al., 2013)
G3 (Yu et al., 2015)
C1(Singh et al., 2010)
C3(Yamashita et al., 2010)
Terrestrial origin; allochthonous transport, Soil-fulviclike, higher plant matter, higher aromatic content, river,
estuarine, and near-shore marine ecosystems, Terrestrial
C3 (260-380/504)
humic-like with high aromatic organic matter, UV
humic-like
C3 (Singh et al., 2017)
FH3(Singh et al., 2013)
C4 (Kowalczuk et al., 2010)
UVA humic-like (Coble 2007)
C5 (Yamashita et al., 2010)
Protein-like; tryptophan-like; autochthonous production;
also, commonly found in croplands, wastewater,
C4 (280/328)
industrial, and livestock wastes; freshly produced;
tryptophan-like; biologically labile; tyrosine like
C4 (Singh et al., 2017)
FH5(Singh et al., 2013)
C5 (Kowalczuk et al., 2010)
G2(Yu et al., 2015)
T (Coble 2007)
C7(Yamashita et al., 2010)
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Figure 2.3

Excitation (blue curve) and emission (red curve) loadings for four DOM
components derived using a parallel factor (PARAFAC) model that was validated
using split-half analysis as well as random initialization. Contour plots
corresponding to the components identified in the PARAFAC model are shown for
each of the components.
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Figure 2.4

Temporal variation of the four components derived using the parallel factor
(PARAFAC) model during photo-biodegradation (P+B) experiments.
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Figure 2.5

Temporal variation of the four components derived using the parallel factor
(PARAFAC) model during biodegradation (B) experiments.

The change in trends of a254, SUVA254, and SR values of the samples during
biodegradation was different from that during photo-biodegradation (Fig. 2.7). Like photobiodegradation (34.26±10.64% decrease), all the samples showed a decrease in a254 values
during the biodegradation experiment, but the magnitude of decrease was much smaller
(9.8±6.57%). For the SUVA254 values, the samples from the bay, B1(p=0.07; 6.2±0%), B2
(p=0.90; 8±18.16%), and central part of the reservoir (R6) showed a slight increase (p=0.95;
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0.7±0.73%), while the other samples showed a decrease in SUVA254 values. An increase in SR
was observed for B2 (p=0.82; 3.5±1.2%), P (p=0.55; 3.9±16.5%), E (p=0.69; 0.5±0.81%), R1
(p=0.01; 37.5±2.66%) and R6 (p=0.82; 13.1±1.81%) samples, while the samples B1 (p=0.94;
0.4±0%) and L (p=0.27; 10.8±3.69%) showed a decrease in SR values.

Figure 2.6

Temporal variation of (top left) absorption coefficient at 254 nm (a254), (top right)
spectral slope ratio (SR), and (bottom left) specific UV absorbance (SUVA254)
during photo-biodegradation (P+B) experiment. The mean and standard deviation
were calculated from duplicate measurements of each sample.

During photo-biodegradation, decreased values for both HIX (81.11±12.76%) and FI
(8.10±3.04%) were observed, while the BIX (15.53±7.19%) values showed an increasing trend
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for all the samples (Fig. 2.8). The greatest decrease in HIX values was observed for lake (L)
samples (p=0.002; 91.32±2.58%) and the minimum decrease was observed for the agricultural
pond (P) samples (p= 0.002; 54.90±3.91%). The pond (P) samples showed a minimum decrease
in FI (p= 0.04; 5.37±0.93%), while a maximum decrease was observed for southern part of bay
(B2) samples (p=0.03;14.38±2.46%). The greatest increase in BIX values was observed for
northern part of bay (B1) sample (p=0.008; 25±0%), while the minimum increase was observed
for pond (P) samples (p= 0.001; 5.29±0.32%) during the photo-biodegradation experiment.

Figure 2.7

Temporal variation of (top left) absorption coefficient at 254 nm (a254), (top right)
spectral slope ratio (SR), and (bottom left) specific UV absorbance (SUVA254)
during biodegradation (B) experiment. The mean and standard deviation were
calculated from duplicate measurements of each sample.
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During biodegradation, the HIX decreased for most of the samples, with exception of
the pond (p=0.005; 32.5±19.74%) and lake (p=0.61; 1.7±6.42%). In both pond and lake, an
increase in HIX was observed. Similarly, FI values increased for pond (p=0.92; 0.1±0.08%), lake
(p=0.08; 0.57±0.28%), and estuary (p=0.06; 0.69±0.64%) samples, while rest of the samples
showed a decrease in FI values (Fig. 2. 9). For all the samples, the BIX values increased
(2.23±2.24%), with a minimum increase for estuary (p=0.04; 0.69±0.64%) and maximum
increase for southern part of the bay, B2 (p=0.003; 6.80±3.59%).
The variability of samples from the same location was also observed for the bay (B1
and B2) and reservoir (R1 and R6). The samples were collected from the bay on two separates
dates, whereas for reservoir they were collected from separate locations. Prior to the date of
sample collection in B1(06.19.2016), there was a heavy rainfall (38.1-25.4 mm) from 06.01.2016
to 06.20.2016. After 06.20.2016, there was no rain in the area until the date of sampling from B2
(06.26.2016). Also, Weeks Bay covers a small area of 7 km2 and it empties its water (residence
time ~ 5 days) to the Mobile Bay (Caffrey et al., 2014), suggesting a difference in DOM input
during two separate sampling dates.
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Figure 2.8

Temporal variation of (top left) humification index (HIX), (top right) fluorescence
index (FI), and (bottom left) Biological index (BIX) during photo-biodegradation
(P+B) experiment. The mean and standard deviation were calculated from
duplicate measurements of each sample.
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Figure 2.9

2.4.4

Temporal variation of (top left) humification index (HIX), (top right) fluorescence
index (FI), and (bottom left) Biological index (BIX) during biodegradation (B)
experiment. The mean and standard deviation were calculated from duplicate
measurements of each sample.

Rate of DOC, aromaticity disintegration, and Half-life
There was a considerable difference in the rate of disintegration and half-life of DOC

concentration and a254 decline between the photo-biodegradation and biodegradation
experiments (Table 2. 3). Higher degradation rates and shorter half-lives were observed for all
the samples during photo-biodegradation versus biodegradation experiments (Fig. 10). DOC
disintegrated faster in the lake (L) sample during photo-biodegradation (27.84±7.59 days) and
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the rate was 2.28*10-2±5.1*10-3 day-1. While the pond (P) sample showed low DOC
degradation during photo-biodegradation and its corresponding half-life and rate were
120.66±25.39 days and 5.78*10-4±8.2*10-4 day-1. During biodegradation, the DOC
disintegrated faster in B2 sample (121.29±11.36 days and 2.40*10-3±3.39*10-3 day-1) and
slower in R6 sample (543.09±63.83 days and 1.15*10-3±3.46*10-4 day-1). During photobiodegradation experiments, the estuarine I samples showed the highest rate of decline in a254
(1.71±4.41*10-1 day-1, which is an outlier, that is greater than 3 times inter quartile range above
the third quartile) and lowest half-life (13.67±0.71 days), while samples from agricultural pond
had the highest half-life (39.65±0.30 days) and the corresponding rate of a254 decline was
2.70*10-1±5.26*10-2 day-1. On the other hand, all samples showed a slow rate of decline in
a254 values and an increase in half-life during the biodegradation experiments (Table. 3).
Among them, R1 had the shortest half-life (89.64±2.67 days) and B2 had the longest half-life
(818.88±440.29 days).
The Mann Whitney U test performed on the half-life and rate data set of both DOC
degradation and a254 decline. The tests confirmed that the half-life of photo-biodegradation was
significantly lower (U=49, p=0.0005; U=49, p=0.0006) and the rate was significantly higher
(U=8.5, p=0.04; U=6, p=0.02) than that of biodegradation.
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Rate of degradation and half-life of DOM concentration degradation and
aromaticity decline calculated based on the change in DOC concentration and a254
values.
Photo-biodegradation
Sample
ID
B1
B2
P
L
E
R1
R6
B1
B2
P
L
E
R1
R6

Rate (Day-1)

Biodegradation

Half-life (Days)

Rate (Day-1)

Decline in Aromaticity (a254)
2.76*10 ±0.00
20.2±0.00
1.55*10-3±0.00
1.13*10-1±1.15*10-1
18.84±1.31
6.96*10-2±4.75*10-2
2.70*10-1±5.26*10-2
39.65±0.30
3.60*10-3±1.70*10-3
2.62*10-1±3.05*10-2
17.19±1.54
1.22*10-1±0.00
-1
1.71±4.41*10
13.67±0.71
4.08*10-2±3.39*10-3
4.20*10-2±1.70*10-3
14.37±0.18
7.20*10-3±0.00
1.92*10-2±3.39*10-3
28.77±3.03
8.30*10-4±4.06*10-4
DOC degradation (DOC concentration)
-3
9.60*10 ±0.00
112.11±0.00
4.80*10-3±0.00
-3
-3
4.80*10 ±3.4*10
80.70±40.25
2.40*10-3±3.39*10-3
5.78*10-4±8.2*10-4
120.66±25.39
1.79*10-3±6.02*10-4
2.28*10-2±5.1*10-3
27.84±7.59
6.00*10-3±1.70*10-3
-2
-3
1.20*10 ±3.4*10
63.06±11.40
1.81*10-3±4.61*10-5
2.04*10-2±1.7*10-3
40.92±3.49
1.81*10-3±7.75*10-5
-3
7.20*10 ±0.00
102.39±20.37
1.15*10-3±3.46*10-4
-1
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Half-life (Days)
330.4±0.00
818.88±440.29
182.04±13.56
104.59±8.9
188.09±19.49
89.64±2.67
717.54±280.77
160.33±0.00
121.29±11.36
216.84±16.99
224.67±29.61
396.09±44.61
405.75±26.42
543.09±63.83

Figure 2.10

2.4.5

(Top left) Half-life for DOC degradation, (top right) degradation rate of DOC,
(bottom left) Half-life for aromaticity decline, and (bottom right) rate of decline in
aromaticity for all the samples combined for photo-biodegradation (P+B) and
biodegradation (B) experiments

Principal Component Analysis (PCA)
Principal component analysis (PCA) was performed by combining the data from both

photo-biodegradation and biodegradation experiments (Fig. 2.11). The variables used in PCA
loading included PARAFAC components C1, C2, C3, and C4, HIX, FI, BIX, a254, SR,
SUVA254, DOC, TN, and exposure times (exposure to sunlight for photo-biodegradation in
hours and incubation in the darkness for biodegradation in hours). The initial samples (t=0 hr)
were also included in the PCA. Principal component-1 (PC1, 29.54%) and principal component36

2 (PC2, 24.50%) together explained 54.04% of the variation in data. The PC1 is controlled more
by bulk fluorescence and absorbance indices, whereas the PC2 is controlled more by PARAFAC
components. The negative PC1 loadings for C2, C3, HIX, a254, and SUVA254 indicate
terrestrially derived humic-like or fulvic-like DOC were structurally complex, refractory, or
aromatic compounds derived from higher plants. C1, C4, SR, FI and BIX were having positive
PC1 loadings, which indicates structurally simpler and more labile DOM (tryptophan-like or
tyrosine like), which was derived from microbial sources. The exposure time is strongly related
to the components C1 and C4, indicating their production over the course of experiments.
Although not all, but most of the photo-biodegradation data is distributed along the positive side
of the PC1 axis, while most of the biodegradation data is distributed along the negative side the
PC1. PCA also suggest that during the course of photo-biodegradation, there is a lowering of SR
and an increase in BIX as indicated by the distribution of photo-biodegradation data (represented
by completely filled symbols) along the positive PC1 axis. Indices (BIX and FI) on PC1 indicate
that photo-biodegradation leads to higher microbial activity in aquatic system. PC2 indicates that
C2 and C3 decrease but C1 and C4 increase with incubation time, and this pattern is more
evident for biodegradation experiments. The distribution of biodegradation data (represented by
unfilled symbols) mostly along the positive PC2 axis and with higher HIX, a254, and SUVA254
mean they are of higher molecular weight and have not degraded as much as photobiodegradation samples.
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Figure 2.11

Principal component analysis (PCA) biplot for DOM over the course of photobiodegradation and biodegradation experiments. Completely filled symbols denote
the samples of photo-biodegradation experiments (P1=24 hrs, P2= 72 hrs, P3=120
hrs, P4=168 hrs, P5=336 hrs, P6=744 hrs) , unfilled symbols represent the samples
of biodegradation experiments (B1=24 hrs, B2= 72 hrs, B3=120 hrs, B4=168 hrs,
B5=336 hrs, B6=744 hrs) and asterisks represent the initial samples (t=0 hours).
Samples from each of the sites are denoted by distinct colors.
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2.5
2.5.1

Discussion
Initial DOM character versus watershed land use and land cover
We have related four predominant land use and land cover classes (forest, woody/

herbaceous wetland, agriculture, and pasture) in the watershed controlling the DOM input
(source) to the five different waterbodies used in this study. The FI values and the distribution of
PARAFAC components in the PCA space confirmed that the initial DOM character of these
waterbodies was influenced by their respective land use and land cover in the watersheds (Fig.
11). In particular, the FI values of reservoir, estuary, bay and lake were less than 1.5 and initial
samples of these waterbodies were distributed on the negative side of the PC1, indicating
terrestrial humic-like DOM components derived from the higher plants in their catchments. On
the other hand, the FI of the initial agricultural pond sample was greater than 1.6 and the pond
samples were distributed along the positive side of the PC1 axis, suggesting agricultural input.
2.5.2
2.5.2.1

Photo-biodegradation versus biodegradation and spatial differences in DOM
degradation
Temporal change in DOC and TN concentration
We observed higher reduction in the amount of DOC (10.12±9.81%) during photo-

biodegradation relative to biodegradation (6.65±2.83%). This pattern suggests that the sunlight
and the composition of DOM present in the water are the major factors affecting the reduction of
DOC concentration (Fig. 2), which is consistent with the findings of Kieber et al. (1990); Lu et
al. (2013), Timko et al. (2015) and Cory and McKnight (2005). The low amount of change in
DOC concentration of agricultural pond (P) during photo-biodegradation as it contains a higher
amount of microbial humic-like components. Our results suggest that sunlight may not be very
effective in further breaking down such smaller microbial-like or tryptophan-like or tyrosine-like
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DOM components present in the agricultural pond (P) compared to other study locations. It
needs to be acknowledged that the outdoor incubations temperature (median T = 27.10°C, with a
maximum and minimum of 28°C and 25.50°C) was slightly higher than the laboratory
incubations (T = 25°C), and a higher temperature could enhance the photo-biodegradation rate of
DOM. However, our results on DOM compositions (i.e., rapid aromatic reduction and
transformation of humic components as discussed below), however, suggest that light is
primarily responsible for the higher degradation of DOC in the photo-biodegradation
experiments.
2.5.2.2

Absorption indices, Half-life, and Fluorescence indices
A larger reduction in both a254 and SUVA254, and an associated greater increase in SR

values was observed during photo-biodegradation relative to biodegradation (Figs. 2.6, 2.7). The
difference in intensity of variation in a254, SUVA254, and SR between the photo-bio and
biodegradation experiments implies that in the complete absence of sunlight, bacterial action
alone cannot completely disintegrate larger reactive terrestrial humic-like or fulvic-like DOM
components into smaller labile microbial humic-like components. The higher decreasing trend of
a254 and SUVA254 and corresponding higher increase of SR values suggest greater production
of low molecular weight, less aromatic DOM molecules during photo-biodegradation than
biodegradation. The a254 and SUVA254 values in this study indicate that the locations which
receive more terrestrial humic input (B, E, R and L) are more reactive and sensitive to sunlight,
hence higher reduction of aromaticity was observed in those water bodies than the agricultural
pond (P). The high amount of less aromatic and low molecular weight microbial components in
the pond were not able to undergo further photo-biodegradation. The higher increase in SR
values during photo-biodegradation were observed for the water bodies which receive more
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terrestrial input (B-107.8±1.5%; L-65.2±4.5%; E-166.8±1.7% and R-58.6±26%) than the
agricultural input (P-45±1.8%). Increases in SR values indicate a decrease in the mean molecular
weight of the DOM compounds in the water sample for all locations. Similar results showing the
gradual increase of SR values during photo-biodegradation experiments in similar settings (lake,
estuarine, and wetland water samples) were reported previously (Helms et al., 2008; Zhang et al.,
2013). The SR results obtained from our photo-biodegradation experiments also suggest that the
locations receiving the higher amount of terrestrial humic input (R, B, L and E) are undergoing a
more substantial reduction in molecular weight of DOM than the agricultural pond (P) samples.
While comparing the difference among the forest dominated watersheds, the estuary I samples
showed the maximum amount of change of absorption index (a254) during the photobiodegradation experiment (Fig. 2.6). The larger change in estuary samples could be due to the
presence of higher amount of reactive terrestrial humic-like or fulvic-like DOM components
derived from forest cover in the watershed compared to other regions (Table. 2.1). However, the
changes in SR during biodegradation do not follow such a trend. Our data suggest that such low
molecular weight DOM compounds present in the agricultural pond (P) are very difficult to
disintegrate by photo-biodegradation or by biodegradation and can remain in the water column
for a longer period. Similar observations were reported from Lake Kasumigaura in Japan
(Kawasaki et al., 2013).
Local variability within the waterbody was observed for the reservoir and the bay
samples. Both reservoir samples (R1 and R6) were collected from two different sites and
exposed to the same period of sunlight (280 hours) during photo-biodegradation. The R1 sample,
which was collected near the spillway on the southwestern side of the reservoir showed a
substantial reduction of a254 and SUVA254 values, and the greatest increase in SR values
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compared to R6, which was collected from the upstream side of the reservoir. In general, it was
noted that higher DOM was concentrated near the spillway compared to other parts of the
reservoir. The higher amount of DOM was mainly from the accumulation of organic-rich
suspended sediments near the spillway. Comparable observations were reported in different
aquatic settings by Shank et al., 2011 and Singh et al., 2017. Similarly, the differences in the
progressive variation of absorbance indices for the bay (both B1 and B2) during both photobiodegradation and biodegradation could be related to the difference in the initial composition of
DOM input during the two separate sampling dates (at t=0, FI for B1-1.46 and B2- 1.56; a254
for B1- 31.68 and B2- 28.95).
Our data also suggests statistically significant faster rates and shorter half-lives for both
DOC disintegration (p < 0.04, p < 0.0006) and reduction in aromaticity (p <0.02, p < 0.0006)
during photo-biodegradation relative to biodegradation (Fig. 2.10). From the DOC degradation
and aromaticity decline data, we observed a shorter half-life for the samples containing DOM
derived from forested watersheds (E, R, B, L) than the one having DOM derived from an
agricultural land dominated watershed (P) during photo-biodegradation (Table. 2.3). This again
confirms that the DOM derived from forest cover is much more aromatic and photosensitive than
the low molecular weight bacterially derived DOM compounds; thus, reduces aromaticity and
DOC concentration at a faster rate in the presence of sunlight. The estuary sample showing the
highest reduction in aromaticity (outlier) corresponds to the highest forest cover (55.56 %) in the
watershed (Fig. 2.10). Additionally, the half-life of all samples increased to many folds during
the biodegradation experiments. This again confirms the fact that sunlight is a major factor
which influences the disintegration of DOC and lowering the aromaticity of DOM present in the
samples.
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The low FI values of the initial samples (t=0 hours) of B1 (1.46), B2 (1.56), R1 (1.47),
R6 (1.47), E (1.43) and L (1.49) indicate terrestrial plant and soil organic matter as the source of
DOM, whereas the high FI value of the initial P sample (1.63) indicates extracellular release or
leachate from bacteria and algae as the DOM source (Figs. 2.8, 2.9). Like the variations in the
absorption indices, larger variation of fluorescence indices was also observed during photobiodegradation relative to biodegradation. The areas receiving more humic terrestrial input (bay,
reservoir, estuary and lake) showed the largest decrease in both HIX and FI values and the
greatest increase in BIX values, relative to waterbodies having agricultural or microbial DOM
components (pond). These decreases in HIX and FI values during photo-biodegradation suggest
a greater reduction in the amount of humified organic matter and moderate bacterial activity. The
corresponding increase in BIX values during photo-biodegradation indicates the production of
fresh or more recently derived organic matter. This means that large aromatic terrestrial organic
matter was broken down to smaller molecules in the presence of sunlight to form fresh smaller
organic matter. This size reduction process can increase the bacterial activity in the system. This
results also match with the results obtained from the changes of a254, SUVA254 and SR during
photo-biodegradation. It is also important to note that the changes in HIX, FI, and BIX during
biodegradation were minor compared to the photo-biodegradation experiments (Figs. 2.8, 2.9).
However, the greater increase in HIX, the smallest increase in FI, and the modest increase in
BIX values of pond samples compared to the other locations indicate the presence of higher
amount of hydrophilic fractions and low bacterial activity as the result of low biodegradation,
which is consistent with findings of Kalbitz et al., (2003).
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2.5.3

Statistical analysis integrating spatiotemporal variance in DOM
The PCA clearly shows that upon exposures to sunlight, the aromatic, humic-like or

fulvic-like terrestrial components (C2 and C3) were transformed into fresh, low-molecularweight, protein-like components (C1 and C4). The greater spread of the photo-biodegradation
data (scores) in the bottom right quadrant of PC space (compared to the biodegradation data in
the central and upper left quadrant) indicate greater production of fresh low molecular weight
recalcitrant protein-like DOM components and greater reduction of humified materials during
exposure to sunlight. On the other hand, biodegraded DOM samples showed aromatic and
terrestrial humic composition indicating less alteration during the degradation reactions.
Additionally, the agricultural pond (P) samples position along the positive side of the PC1 axis
showed the lack of alteration during both experiments (Fig. 2.11). The gradual spread of photobiodegradation data of the waterbodies having predominant forest cover from the positive side of
the PC2 axis to its negative side indicates a decrease in aromaticity, molecular weight, and
humification because of exposure to sunlight. These results all confirm that the DOM present in
the water bodies dominated by the forest land cover type in their watershed (estuary, bay, lake
and reservoir) were more photolabile than the waterbody (agricultural pond), which was
agriculturally dominated.
2.6

Conclusions
Reactivity of DOM is very much dependent upon bacterial activity as well as sunlight

induced decomposition. During this study, we have investigated the difference in reactivity of
DOM present in diverse water bodies in the southeastern states of USA, surrounded by forest and
woody/ herbaceous wetland as well as agriculture and pastoral coverage. The composition of the
DOM was evaluated by PARAFAC analysis. The reactivity of DOM was evaluated by applying
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decay equations to absorbance data (a254) and DOC concentration. Later, PCA was applied to
spectroscopic data, PARAFAC components, DOM concentrations, and exposure times to
evaluate the change in DOM composition during photo-biodegradation and biodegradation
experiments in different water bodies. Our study clearly shows that DOC degradation and
reduction of aromaticity of DOM were faster during photo-biodegradation than during
biodegradation; thus, bacterial action alone cannot be very effective in changing the DOM
composition. While comparing the different watersheds, humic-like or fulvic like, aromatic, high
molecular weight terrestrial DOM (forest and woody/ herbaceous wetland source) is much more
photoreactive than the fresh low molecular weight, simpler bacterial DOM (agricultural source).
Our results suggest that during both photo-biodegradation and biodegradation, the DOM present
in the water samples undergoes size reduction processes (increase in SR values and
corresponding decrease in the a254 and SUVA254 values), though SR was much less during
biodegradation. The size reduction process can generate simpler DOM molecules as well as can
change the composition of DOM to be more recalcitrant. The simpler DOM can act as the food
source for bacteria as indicated by an increase in BIX and a corresponding decrease in HIX
values during both experiments.
The DOM source for coastal and inland water bodies of the southern United States are a
wide variety of land use and land cover. DOM, being in all surface waters, is an integral part,
which controls various water quality parameters like pH, light penetration, and nutrient and toxic
metal cycling. DOM chemistry is very sensitive to natural (sunlight) and biological causes
(bacterial). Recent climate change reports predict that southern states, (particularly Mississippi,
Alabama, and Louisiana) will experience inclement climate conditions in the near future (Hsiang
et al., 2017). Thus, results of this study are important to understand the reactivity of DOM in
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terms of its source (LULC) and the presence or absence of sunlight. The present study highlights
the importance of DOM reactivity based on its origins and also emphasizes the influence of
anthropogenic land-use on DOM reactivity. Overall, photo and biodegradation are more efficient
mechanism than biodegradation alone in reminaralizing and altering DOM in diverse water
bodies, implying canopy coverage and light penetration may play a crucial role in the fate and
metabolism of aquatic DOM. As such, riparian forest conservation and restoration should
consider DOM chemistry and its role in water quality and water-air CO2 fluxes.
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DISSOLVED ORGANIC MATTER AND TRACE ELEMENT VARIABILITY IN A
BLACKWATER-FED BAY FOLLOWING PRECIPITATION
3.1

Abstract
Dissolved organic matter (DOM) often forms complexes with trace metals. The main

objective of this study was to identify the sources of trace elements to a coastal bay that is fed by
two blackwater rivers using DOM compositions. Surface water samples from twelve sites in
Weeks Bay, Alabama were collected during four field trips and a bottom sediment sample was
collected during one of the trips. Spectroscopic measurements in tandem with parallel factor
analysis and multivariate statistics were used to derive DOM compositions and inductively
coupled plasma mass spectrometry was used for determining trace metal concentrations. DOM
chemistry and trace element concentrations together with local precipitation and discharge,
watershed land use and land cover data, and physicochemical parameters were used to determine
the source of trace elements in the adjoining areas of the watershed to the bay and finally settling
into the bay sediments. Arsenic, copper, and uranium fluxes increased while fluxes of mercury,
zinc, manganese, and iron decreased following precipitation events. Concentration of all trace
elements analyzed were 10,000 times greater in the bay bottom sediments than their
concentrations in the water. Microbially reprocessed and soil derived DOM components
increased along with the trace elements and nutrients in the bay as a result of precipitation
whereas concentration of terrestrial humic-like DOM component remained the same during both
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dry and wet periods. Principal component analysis revealed significant correlations between
Microbially reprocessed DOM and the trace elements including arsenic, copper and uranium
indicating urban, pasture, and agricultural areas in the watershed were the sources for these trace
metals. On the other hand, multiple sources were identified for manganese, zinc, and iron.
Overall it was found that DOM compositions are useful for inferring the possible sources and
mobility of trace elements in aquatic systems.
3.2

Introduction
Bays and estuaries are coastal waterbodies where freshwater meets the sea. They can be

considered as biogeochemical hotspots for the transformation of nutrients and elements exported
from the land to ocean. There are more than 21 major and minor bays and estuaries present along
the southern US coastal areas of Northern Gulf of Mexico (NgoM) (USEPA, 1999). These
coastal waterbodies and adjoining offshore regions are the habitat for many endangered marine
species like sawback turtle, native and migratory bird species, live oyster beds and fish. The
coastal economy of these regions is heavily dependent on the fisheries (USEPA, 1999).
It has been recently reported that shallow Mississippi deltaic sediments serve as a source
of iron, manganese, and arsenic to the water column and redox reactions in the deltaic marshes
control the availability of trace elements like molybdenum, tungsten, arsenic, vanadium in the
coastal waters (Joung and Shiller, 2016; Telfeyan et al., 2018, 2017). The contamination of
mercury in the estuaries, bays and offshore regions of NgoM has been attributed to urban and
agricultural runoff as well as atmospheric deposition (Apeti et al., 2012; Lewis and Chancy,
2008). Consensus is yet to be reached regarding the source of these trace elements, despite the
associated contamination being one of the major problems adversely impacting many forms of
life in these coastal waterbodies (Lafabrie et al., 2011; Lewis and Russell, 2015; Perry et al.,
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2015). Naturally occurring DOM is a complex mixture of different organic compounds which
can form complexes with trace elements, hence trace elements often co-occur and covary with
DOM of different origins (Yamashita and Jaffé, 2008). Based on DOM composition, a
substantial amount of humified terrestrial and some protein-like DOM components were
identified along the coastal water bodies of the southern US (Sankar et al., 2018; Shank et al.,
2011; Singh et al., 2010). Rivers and streams flowing into these coastal waterbodies drain
agricultural, forested and urbanized hinterlands and transport high amount of dissolved nitrate,
phosphate, carbon, and trace elements (Lafabrie et al., 2011; Reuter and Perdue, 1977; Sankar et
al., 2018; Stolpe et al., 2010; USEPA, 1999). There is a strong correlation between the amount of
water discharged and the quantity of organic matter delivered through the coastal rivers of the
United States (Keul et al., 2010; Reuter and Perdue, 1977; Zhou et al., 2016). Specific studies
have been conducted to understand the role of DOM in the mobilization of trace elements
(Hongxia et al., 2014; Reuter and Perdue, 1977; Stolpe et al., 2010; Zhou et al., 2016). Strong
metal binding capacity of both bacterially derived and soil derived humic DOM compositions
have been widely reported (Gu et al., 2011; Hongxia et al., 2014; Reuter and Perdue, 1977). For
instance, dissolved and colloidal trace elements, along with nutrients and DOM are transported
by Mississippi-Atchafalaya river system (Duan et al., 2007; Stolpe et al., 2010; Zhou et al.,
2016). This association might have important consequences in terms of delivery and
accumulation of toxic trace elements, such as arsenic, manganese, copper, nickel, uranium,
mercury, zinc, and nutrients including nitrate and phosphate along the Mississippi deltaic
sediments (Joung and Shiller, 2014, 2016; Slowey and Hood, 1971; Stolpe et al., 2010).
Weeks Bay is a small coastal water body located near the city of Mobile (3rd most
populous city in Alabama) and is connected to NgoM through Mobile Bay. The freshwater input
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into Weeks Bay is through two blackwater rivers, Fish River in the north and Magnolia River in
the southeast. Blackwater rivers are quite common all along the coastal areas of the southern US
and are connected to NgoM through estuaries and bays (Ruecker et al., 2017). They drain
extensive forested wetlands, thereby transporting brown colored water rich in soil-derived DOM
to coastal oceans (Spencer et al., 2013). Previous studies have shown that soil-derived DOM is
efficient in mobilizing trace elements via complexation (Benedetti et al., 1996; Tribovillard et
al., 2004; Weng et al., 2002). We hypothesized that these blackwater rivers are the main conduits
for not only DOM but also for toxic trace element transport into the coastal water bodies as a
result of rapid urbanization and industrialization in the southeastern US. We further hypothesized
that following precipitation events, the concentration of trace metals co-varied with specific
DOM components in the bay, and the DOM composition can be utilized to identify the source of
DOM and in turn, the trace elements. Hence, our objectives were to (1) determine the trace
element-DOM compositional associations, and (2) evaluate the changes in composition and
concentration of DOM and trace elements delivered into the Weeks Bay, NGoM in response to
precipitation events.
3.3
3.3.1

Materials and Methods
Study area, sample location and land use/ land cover analysis
Weeks Bay is fed by black water rivers and located on the eastern side of the Mobile Bay

in Baldwin County, coastal Alabama (Fig. 3.1). It is designated as the 16th national estuarine
research reserve (NERR) of the US in 1986, hosting a wide variety of aquatic plants and animal
species. It is a shallow micro tidal tributary estuary (Camacho et al., 2014). The Weeks Bay
watershed covers a total area of 520.87 km2 and the Weeks Bay is a shallow water body with an
average depth of 2 m covering an area of 4.72 km2 (0.91% of the total watershed area). It
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empties into the larger Mobile Bay through a narrow opening and the average water residence
time of Weeks Bay is 5 days (Caffrey et al., 2014). Two rivers flow into the bay; Fish River in
the north and Magnolia River in the south-east. To delineate the drainage basins of these two
rivers, hydrologic unit code-12 (HUC-12) boundary datasets for the Weeks Bay watershed were
downloaded from the United States Department of Agriculture (USDA) data gateway and 10 m
resolution digital elevation models were downloaded from the United States Geological Survey
(USGS) National Map download client. The digital elevation models and the HUC-12 watershed
boundary datasets were used in Arc-GIS 10.4.1 platform to delineate the drainage basins of the
Fish and Magnolia Rivers emptying to the Weeks Bay. Subsequently, the land use and land
cover dataset of 2015 was downloaded from the USDA data gateway and cropped using the
delineated watershed boundary for determining the areas covering each major land use and land
cover. It was found that the bay and associated river channels are surrounded by emergent
herbaceous wetlands (6.46 km2, 1.24 %), woody wetlands (67.62 km2, 12.98 %) and ever green
forest (72.88 km2, 13.99 %) (Table 3.1). Cultivated cropland and pasture make up the major part
of the watershed (127.52 km2, 24.48 % and 98.94 km2, 19.00 %). Urbanized areas (68.38 km2,
13.13 %) were located on the northwestern and northern parts along Fish River and along the
southeastern areas of Magnolia River.
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Figure 3.1

Location map including sample points of study area with land use land cover
information.
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Four field campaigns were conducted to measure in situ water quality parameters and
collect water samples. Twelve water samples were collected during the campaigns on
05.09.2016, 06.19.2016 and 09.30.2016, while thirteen samples and a bay bottom sediment were
collected during the campaign on 06.26.2016 (Fig. 3.1). Water samples were collected from
locations distributed all along the bay in clean, acid-washed 1-liter high density polyethylene
(HDPE) bottles following the protocol explained in Dash et al. (2015). Sediment from the bottom
of the bay was collected using an extendable grab sampler and was stored in an O2-impermeable
Remel®bag. Water quality parameters including pH, oxidation-reduction potential (ORP, mV),
dissolved oxygen (DO, mg/L), total dissolved solids (TDS, mg/L), salinity (PSU) and water
temperature (°C) were collected from each sampling location during every field campaign by
using a HANNA® extendable probe. The collected water and sediment samples were stored in
an airtight cooler filled with ice and transported back to the lab. Water samples were filtered
using 0.2 μm Whatman® nuclepore track-etch membrane filters, stored in amber colored glass
bottles, and refrigerated at 4°C until spectroscopic analysis of colored dissolved organic matter
(CDOM). The samples for dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and
anions (nutrients) analyses were stored in acid washed 20 mL HDPE bottles and kept frozen in a
-80 °C freezer until analysis. The water samples for cations (trace elements) were acidified using
Fisherbrand® ultrapure nitric acid (0.2 %) and stored in acid washed and pre-combusted 20 mL
glass bottles and stored in room temperature until analysis.
The field campaigns were planned in accordance with precipitation events and the
corresponding river water discharge into the bay (Fig. 3.2). Discharge data were obtained from
the United States Geological Survey (USGS) national water information system web interface.
The USGS discharge gauges were located at Magnolia River (USGS 02378300) and Fish River
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(USGS 02378500). Daily average precipitation data for the Weeks Bay watershed was obtained
from National Weather Service (NWS) rainfall plots.
The amount of land use and land cover area in km2 and in percentages of Weeks
Bay watershed
Area (Km2)
4.49
22.02
7.89
2.75
0.56
2.20
0.31
22.14
0.64
8.79
13.29
49.02
64.86
37.88
4.79

Land Classes
Open Water
Developed, Open Space
Developed, Low Intensity
Developed, Medium Intensity
Developed, High Intensity
Barren Land
Deciduous Forest
Evergreen Forest
Mixed Forest
Shrub/Scrub
Herbaceous
Hay/Pasture
Cultivated Crops
Woody Wetlands
Emergent Herbaceous Wetlands
3.3.2

Area (%)
1.86
9.11
3.27
1.14
0.23
0.91
0.13
9.16
0.27
3.64
5.50
20.29
26.84
15.68
1.98

Water sample analysis, CDOM indices and PARAFAC modeling
Trace elements; arsenic (As), manganese (Mn), zinc (Zn), copper (Cu), mercury (Hg)

uranium (U) and iron (Fe) were analyzed using inductively coupled plasma mass spectrometry
(ICP-MS). Nutrients including phosphate (PO43-), nitrate (NO3-), ammonium (NH4+) and nitrite
(NO2-) anions were analyzed using a continuous flow auto-analyzer (Skalar Analytical Inc.,
Buford, GA) at Dauphin Island Sea Lab. The DOC and TDN content of the water samples were
measured on a SHIMADZU® total organic carbon-total nitrogen analyzer (TOCv-TNM1)
equipped with an ASI-V autosampler following the method described in Shang et al., 2018.
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Toxicity of trace elements and nutrients were expressed in terms of the Unites States
Environmental Protection Agency (US EPA) recommended water quality criteria.
CDOM absorption was analyzed in a PerkinElmer® Lambda 850 UV/VIS double-beam
spectrophotometer (Waltham, MA, USA) following the analytical procedure described in Singh
et al., 2017. Absorption spectra of the samples and blank (deionized water, 18.2 mΩ purity) were
collected between 200nm and 750nm wavelengths at 2 nm interval in a clean 4 mL quartz
cuvette with 1cm path length. Effects of background and scattering were removed by subtracting
the absorption spectra of the samples from the blank. The blank subtracted sample absorbance
(A) was used to calculate Napierian absorption coefficient (a) at each wavelength (λ) (Fichot and
Benner, 2012; Singh et al., 2017; Zhang et al., 2013). Absorption coefficients were used to
calculate specific UV absorbance (SUVA254) by dividing absorption coefficient at 254nm by
DOC concentration (Lmg-1m-1). The slope ratio (SR) is the ratio of absorption coefficient
between 275 and 295 nm to that between 350 and 400 nm. Values of SUVA254 are directly
proportional to aromaticity of DOM, while SR values are inversely related to the molecular
weight of DOM in the water sample (Hansen et al., 2016; Kothawala et al., 2014; H. Lin et al.,
2016; Singh et al., 2017).
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Figure 3.2

Precipitation and discharge data of Weeks Bay watershed

Fluorescence properties of the water samples (Excitation emission matrix, EEM) were
analyzed using Horiba® Jobin Yvon Inc., Fluoromax-4 spectrofluorometer (Edison, NJ, USA)
following the analytical procedure explained in Sankar et al., 2018. After applying company
specified instrumental corrections and calibrations, the EEMs of the samples and blanks
(deionized water,18.2 mΩ purity) were measured with excitation wavelengths of 240-450nm at
every 10 nm increment and emission wavelengths of 300-550nm at every 2nm increment. After
removing inner filter effects; the blank corrected and Raman normalized EEMs were used for
PARAFAC modeling (Kothawala et al., 2013; Singh et al., 2017; Stedmon and Markager, 2005).
Fluorescence Index (FI), Humification Index (HIX) and Biological Index (BIX) or Freshness
Index were calculated using the corrected EEMs. The calculation steps for these indices can be
found in Hansen et al., 2016 and elsewhere. The FI index indicates the source of DOM, which
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can either be microbial (with high FI, between 1.6-2.0, usually derived from extracellular release
and leachate from bacteria and algae) or terrestrial (with low FI, between 1.2-1.5, usually from
terrestrial plants and soil organic matter). HIX can be used as a proxy for humification of natural
organic matter. An increase in HIX values indicates the condensation of fluorescent molecules
and decrease in the H/C ratio of DOM. The BIX is an indicator of the freshness of DOM. High
BIX values (>1) indicate freshly released DOM as a result of autochthonous production in the
aquatic system. On the other hand, low values of BIX (0.6-0.7) indicate less autochthonous
production of DOM in the water body (Huguet et al., 2009)
A total of 49 sample EEMs were used for PARAFAC modeling. After removal of the
outliers, the sample size was reduced to 46. Out of the 46 sample EEMs, 11 were following the
low precipitation event (9th May 2016), 12 each following moderately-high (19th June 2016) and
moderately-low precipitation (26th June 2016) events, and 11 were following the high
precipitation event (30th September 2016). To avoid abnormalities during the modeling, the
EEMs were normalized using Raman integrated area at 350 nm excitation and 397 nm emission
over 5 nm bandpass. Prior to PARAFAC modeling, the excitation wavelengths were interpolated
at 5 nm increments, and emission wavelengths were interpolated at 4nm increments. A four
component PARAFAC model which explained 99.96 % variance of the data was validated by
split half analysis using Tucker congruence coefficients and random initialization. The scores of
the PARAFAC components (fluorescence intensity maximum, Fmax) were expressed in Raman
units (R.U). The DOMFluor toolbox in MATLAB®- R2018a computing platform was used to
create the PARAFAC model (Stedmon and Bro, 2008).
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3.3.3

Sediment characterization and geochemical analysis
The mineralogical characterization of the bay bottom sediment was carried out using a

Rigaku Ultima III X-ray diffractometer with a graphite monochromator and scintillation detector
at I2AT laboratory, Mississippi State University. The sample was pulverized and homogenized
using an agate mortar and piston and analyzed over 0° to 90° (2θ) angle.
Trace element analysis of the bay bottom sediment sample in duplicates were carried out
for As, Mn, U, Cu, Zn, Hg, and Fe. 0.5 gm of homogenized sediment sample and its duplicate
were digested using concentrated trace metal grade nitric acid and 30 % hydrogen peroxide on a
hot plate at 90°C following the EPA protocol (method SW-846 3050B). The digestate was later
refluxed using concentrated trace metal grade hydrochloric acid and then diluted to 50 mL using
deionized water before the ICP-MS analysis for As, Mn, U, Cu, Zn and Fe. The concentration of
Hg in bay bottom sediment was analyzed separately by cold vapor atomic absorption (CVAA)
spectroscopy (SW-846 Method 7471B). The soil standard reference material (PR-LCSSRM00018 B/ERA-550/http.eraqc.com) was also analyzed to estimate recovery.
3.3.4

Statistical Analysis
The R-version 3.3.2 (R® Core Team) programming platform was used for the statistical

analysis of all the measured and observed data. Principal Component Analysis (PCA) was
performed on PARAFAC components, fluorescence indices, absorption indices, water quality
parameters, and fluxes of DOC, TDN, nutrients, and trace elements to understand their
relationship. Bootstrap resampling statistics at confidence intervals of 2.5%, 50%, and 97.5%
was applied to trace element concentrations to estimate whether they were significantly different
statistically following different precipitation events by taking 1000 means (1000 replicates).
Mann-Whitney-Wilcoxon Test was used to explain the significant increase or decrease in
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PARAFAC components from low to high precipitation events. The SUVA254 values showed
minimum variation between the events hence, One-way ANOVA was performed to understand
the variance between and among the SUVA254 values during four sampling events. Tukey-HSD
pairwise multiple comparisons post-hoc analysis was also performed to find the significance in
differences between SUVA254 values following precipitation events. All statistical analyses
were performed at 95% confidence level (α=0.05). Maximum, minimum, average (mean) and
standard deviation were calculated for all the measured parameters. Interquartile range (IQR)
was calculated for expressing the variability in the observations. Data values greater than 3 times
the IQR or above the third quartile in the box plot were presented as outliers. Both p-value (t-test
of regression, α=0.05) and r value or correlation coefficient (0.5>r≥0.3 weak, 0.7>r≥0.5
moderate and r≥0.7 strong relationship) were estimated to represent the significance, strength,
and direction of the relationship among the variables.
3.4
3.4.1

Results
Temporal changes in water quality and chemistry in response to metrological
events
Monthly meteorological data for the year 2016 revealed that average precipitation in the

Weeks Bay watershed was higher during September 2016 (mean=8.49 mm, max=49.53 mm,
min=0 mm) followed by June 2016 (mean=5.60 mm, max=47.50 mm, min=0 mm) and May
2016 (mean=3.05 mm, max= 27.43 mm, min=0 mm). The precipitation events in the watershed
were marked by a sudden increase in water discharge into the bay through both rivers (Fig. 3.2).
The average discharge of Fish and Magnolia Rivers during the months of September, June and
May 2016 were 2.11±0.79 m3/s, 2.38±0.82 m3/s, 3 .20±2.57 m3/s and 1.19±1.42 m3/s, 0.74±0.34
m3/s, 0.77±0.32 m3/s. Hence, the discharge of water through Fish River was higher than the
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Magnolia River. As such, our sampling campaigns represented four precipitation conditions, we
coined low precipitation event for 9th May 2016, moderately-high precipitation event for 19th
June 2016, moderately-low precipitation event for 26th June 2016 and high precipitation event
for 30th September 2016. The average amount of precipitation in the watershed from the
beginning of May 2016 to the date of sampling on 9th May 2016 was 3.27 mm (max=22.35 mm,
min=0 mm) and the corresponding average amount of discharge through Fish and Magnolia
Rivers were 4.73±4.18 m3/s and 0.87±0.32 m3/s, respectively. Similarly, average amount of
precipitation from the beginning of June 2016 till the dates of sampling on 19th June 2016 and
26th June 2016 were 6.89 mm and 4.80 mm (max=47.50mm, min=0 mm), and the corresponding
discharge through the Fish and Magnolia Rivers were 2.64±0.87 m3/s, 0.81±0.41 m3/s and
2.47±0.87 m3/s and 0.76±0.36 m3/s. It is also important to note that the soil profile of entire
region remained wet with rainwater following 26th of June 2016 due to the prevalence of rain
events from the month of June 2016 onwards. Similarly, several precipitation events were
observed in September 2016. The average amount of precipitation starting from the beginning of
September 2016 till the date of sampling on 30th September 2016 was 8.49 mm (max=49.53 mm,
min=0 mm), and the corresponding discharge through Fish and Magnolia Rivers were 2.11±0.79
m3/s and 1.19±1.42 m3/s, respectively. However, from 26th to 27th of September 2016, the water
discharge through both rivers was high and averaged 6.93±3.11 m3/s for Magnolia River and
2.03±0.11 m3/s for Fish River.
Water quality parameters (pH, ORP, TDS, Salinity, DO, water temperature) of the bay
exhibited changes in accordance with precipitation and corresponding discharge events (Table
3.2). The pH, TDS, and salinity showed an increasing trend, while both ORP and DO values
decreased with precipitation and discharge. pH values following high precipitation event were
66

higher than the pH following low precipitation event. The steady increase in pH from low to high
through moderately-high and moderately-low precipitation events in the bay indicates freshwater
input following precipitation events. Net negative ORP values of the bay during all field sessions
show the prevalence of reducing condition. The water temperature was variable following low
precipitation event compared to the other three events. It is important to note that high tides were
coinciding during water sampling following the moderately-high (0.52 m), moderately-low (0.40
m), and high precipitation events (0.40 m), while low tides coincided during sampling following
the low precipitation (0.3 m) event (www.tidesandcurrents.noaa.gov).

Distribution of water quality parameters for Weeks Bay waters collected during
four field campaigns, L=low, MH=moderately high, ML=moderately low, and
H=high.
Water
Quality
Parameter
pH

ORP
(mV)

TDS
(mg/L)

Salinity
(PSU)

DO
(mg/L)

Temperature
(°C)

L

MH

ML

H

Avg:8.06±0.31
IQR=0.23
Max=8.9
Min =7.71
Avg=-58.24±44.08
IQR=78.65
Max=-6.10
Min =-119.30
Avg=1984.25±2069.54
IQR=4097
Max=4261
Min =7
Avg=2.20±2.30
IQR=4.56
Max=4.75
Min =0.01
Avg=5.80±4.36
IQR=8.09
Max=12.6
Min =1.59
Avg=27.00±3.66
IQR=6.95
Max=30.83
Min =23.43

Avg:8.20±0.34
IQR=0.48
Max=8.57
Min=7.59
Avg=-17.63±27.81
IQR=42.80
Max=32.60
Min =-57.0
Avg=7125.92±3318.26
IQR= 4729.75
Max= 11790
Min =742
Avg=8.30±4.08
IQR=5.90
Max= 14.17
Min = 0.74
Avg=1.62±0.12
IQR=0.10
Max=1.81
Min =1.39
Avg=29.27±0.68
IQR=1.12
Max=30.14
Min =28.26

Avg=8.69±0.23
IQR=0.26
Max=8.95
Min=8.13
Avg=-31.06±14.90
IQR=22.15
Max=-3.90
Min =-57.40
Avg=5684.17±2486.38
IQR= 3009.25
Max= 9611
Min =86
Avg=6.47±2.95
IQR=3.63
Max=11.32
Min =0.08
Avg=1.54±0.18
IQR=0.15
Max=1.79
Min =1.07
Avg=31.47±0.54
IQR=0.68
Max=32.06
Min =30.33

Avg=8.78±0.20
IQR=0.13
Max=9
Min=8.21
Avg=-79.78±47.62
IQR=14.70
Max= -41.4
Min = -224.8
Avg=10973.50±3464.25
IQR= 2524.75
Max= 17120
Min = 3063
Avg=13.25±4.46
IQR=3.31
Max=21.43
Min =3.32
Avg=0.38±0.02
IQR=0.02
Max=0.41
Min =0.35
Avg=26.20±0.72
IQR=1.07
Max=27.55
Min =25.17
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The flux of trace elements, nutrients, DOC and TDN were calculated by multiplying
their concentration with average river discharge to evaluate their variability between dry and wet
periods. While their actual concentrations were used to explain their toxicity if they had
exceeded EPA recommended water quality criteria for saltwater (EPA, 2018). The average flux
of As (18.47±1.15 µg/L m3/s to 38.45±8.93 µg/L m3/s), U (1.44±0.35 µg/L m3/s to 2.14±0.55
µg/L m3/s) and Cu (5.09±0.92 µg/L m3/s to 64.85±69.72 µg/L m3/s) in the bay showed an
increase in trend following the low precipitation event to high precipitation event (Fig. 3.3). On
the contrary, the average flux of Hg (0.37± 0.12 µg/L m3/s to 0.19±0.55 µg/L m3/s), Fe
(1275.08±501.51 µg/L m3/s to 392.95±129.30 µg/L m3/s), Mn (293.07±73.91 µg/L m3/s to
138.46±27.57 µg/L m3/s), and Zn (8.05±7.73 µg/L m3/s to 3.06±1.28 µg/L m3/s) showed a
general decrease in trend from low precipitation event to high precipitation event. Arsenic
concentrations were highly variable between sites following the high precipitation event
(IQR=10.99) with an average value of 23.31±5.41 µg/L (Fig. A.1). The maximum variability of
Cu flux between sites was observed following high precipitation event (IQR=70.53) and for U it
was following moderately-high precipitation event (IQR=1.46). Cu concentrations exceeded the
EPA recommended water quality criteria of 4.8 µg/L for acute toxicity and 3.1 µg/L for chronic
toxicity (EPA, 2018) following the high precipitation event with an average concentration of
39.30±42.26 µg/L and at one site near the mouth of Fish River following the moderately high
precipitation event with a concentration of 14.39 µg/L. The average concentration of Zn was
2.91±6.97 µg/L with maximum variation of flux between sites following the low precipitation
event (IQR= 4.42).
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Figure 3.3

Variation in the fluxes of trace elements in Weeks Bay water following low
precipitation (L, n=12), moderately-high precipitation (MH, n=12), moderatelylow precipitation (ML, n=13) and high precipitation (H, n=12) events. ‘n’ denotes
number of samples.

69

Fluxes of Hg, Fe, and Mn showed highest variation between sites following the low
precipitation event (IQR=0.19; 555.79; 103.95). The average concentration of Mn was always
high and with an average concentration of 92.98±27.01 µg/L. Concentration of Fe following
moderately-high, moderately-low, and high precipitation events were lower (avg=235.57±73.03
µg/L) compared to its concentration following the low precipitation event (avg=455.39±179.11
µg/L). On the contrary, the Hg concentration was always below its toxicity limits (EPA
recommended water quality criteria for salt water 1.8 µg/L for acute toxicity and 0.94 µg/L for
chronic toxicity (EPA, 2018)) with an average value of 0.08±0.11 µg/L except of one site where
the concentration was 1.17 µg/L near the mouth of the Weeks Bay Estuary to the Mobile Bay
(Fig. A.1).
There was an increase in the average flux of both NO3- (191.27±138.69 µg/L m3/s to
3725.85±1372.18 µg/L m3/s) and PO43- (97.28±35.38 µg/L m3/s to 344.49±108.02 µg/L m3/s)
from low to high precipitation events. However, PO43- showed slight decrease in flux following
the moderately-low precipitation event. On the other hand, both NH4+and NO2- showed no such
trend in flux (Fig. 3.4). The greatest variation of PO43- flux was following the high precipitation
event (IQR= 163.36), and for NO3-, it was following the moderately-high precipitation event
(IQR= 2010.02). Both NH4+ and NO2- showed maximum variation following the low
precipitation event (IQR= 391.07 and 417.88). The average concentrations of NO3-, NO2-, and
NH4+ were 1267.41±478.78 µg/L, 40.84±71.11 µg/L and, 24.93±28.26 µg/L, respectively. PO43concentrations were high in all sampling locations following the high precipitation event (mean=
208.78± 65.46 µg/L, max= 303.91 µg/L) and at one location following the moderately high
precipitation event (112.07 µg/L) (Fig. A. 2).
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Average flux and variation of both DOC and TDN were high following the low
precipitation event compared to other sampling dates (IQR= 1964.90; 1879.78) (Fig. 4). During
other three field campaigns, the flux of both DOC and TDN remained nearly same with
6129.66±350.07 µg/L m3/s; 711.52±174.02 µg/L m3/s, respectively, yet DOC showed a slight
increase in flux (mean=6560.06±312.07 µg/L m3/s) following the high precipitation event
compared to the moderately-low precipitation event (5588.58±401.74 µg/L m3/s). The actual
concentration of DOC and TDN is given in the supplementary material (Fig. A. 2).
The fluxes of trace elements such as As, Cu, U and nutrients such as PO43-, NO3-, and
NO2- showed an increase in trend, while the fluxes of Fe, Mn, Zn, NH4+, DOC and TDN showed
a decrease in trend with salinity of the bay ( Fig. A. 4 &A. 5).
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Figure 3.4

Variation in fluxes of nutrients, DOC, and TDN in Weeks Bay water following
low precipitation (L, n=12), moderately-high precipitation (MH, n=12),
moderately-low precipitation (ML, n=13) and high precipitation (H, n=12) events.
‘n’ denotes number of samples.
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3.4.2

Temporal variation of spectroscopic properties and development of PARAFAC
model
The mean values of SUVA254 were high following both low (6.68±1.43 L mg-1m-1) and

moderately-high precipitation events (7.50±0.63 L mg-1m-1) compared to both moderately-low
(5.31±0.43 L mg-1m-1) and high precipitation events (5.89±0.39 L mg-1m-1) (Fig. 3.5). On the
other hand, average values of SR showed a general increase in trend from low (1.27±0.04) to
high precipitation event (1.51±0.35) with maximum variation following the high precipitation
event (IQR= 0.43).
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Figure 3.5

Variation of absorption (SUVA254, SR) and fluorescence indices (HIX, FI, BIX)
in Weeks Bay water following low precipitation (L, n=12), moderately-high
precipitation (MH, n=12), moderately-low precipitation (ML, n=13) and high
precipitation (H, n=12) events. ‘n’ denotes number of samples.

The mean values of both FI and BIX also increased from low precipitation
(FI=1.44±0.02, BIX=0.65±0.02) to high precipitation (FI=1.47±0.02, BIX=0.71±0.03) event
(Fig. 3.5). The maximum variation of FI was following the moderately-high precipitation event
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(IQR= 0.043), while for BIX it was the same following the high-precipitation and moderatelyhigh precipitation events (IQR= 0.04). However, BIX values were always less than 1 during all
field campaigns (avg=0.69±0.04, max=0.77, min=0.60). The mean values of HIX remained
nearly the same following all the four precipitation events (0.76±0.05). The variation of HIX was
maximum following both high and moderately-low precipitation events (IQR=0.08 and 0.07).
The PARAFAC analysis of the Weeks Bay water samples collected during the four field
campaigns resulted in a four-component model (C1, C2, C3, and C4). The PARAFAC
component C1 was a terrestrial, humic-like component; C2 was a microbial, humic-like
component; C3 was an allochthonous, terrestrial component or soil-derived component; and C4
was a microbial tryptophan-like component (Fig. 3.6, Table 3.3). Components C2, C3, and C4
showed a general increase of 7.61%, 11.19%, and C4=27.61%, respectively, in average
fluorescence intensity (Fmax) in the bay from low precipitation to high precipitation events (Fig.
3.7). However, component C2 showed a slight decrease (23.66 %) in fluorescence intensity from
moderately-low to high precipitation events. On the other hand, component C1 showed limited
change in average fluorescence intensity and had less variability during all field sessions. The
components C2, C3, and C4 showed slightly higher variation in Fmax values with IQR of 0.03,
0.04 and 0.03, respectively, following the moderately-high precipitation event compared to other
precipitation events (Fig. 3.7).
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Figure 3.6

Four component (C1, C2, C3, C4) parallel factor (PARAFAC) model for the
Weeks Bay. Excitation (blue curve) and emission (red curve) loadings for four
DOM components derived using a PARAFAC model that was validated using
split-half analysis as well as random initialization. Contour plots corresponding to
the components identified in the PARAFAC model are shown for each of the
components.
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Parallel factor (PARAFAC) components information and their identification
Components (Ex/Em) unit

Description and reference

nm
C1

(<250-330/448)

Terrestrial humic-like component, common in freshwater
environment
C1 Kothawala et al., 2014
C Coble 1996
C1 Singh et al., 2017
C1 Yamashita et al.,2010
C2 Sankar et al., 2018

C2

(<250-310/388)

C3

(270-400/504)

C4

(280/334)

Microbial Humic like, Anthropogenic origin,
Protein like, common in agriculture dominated
watershed, Prevalent in waste water, Microbially
reprocessed, like marine humic-like
C4 Yamashita et al.,2010
C2 Kothawala et al., 2014
C2 Singh et al., 2017
C3 Kowalczuk et al., 2010
C3 Hosen et al., 2014
Humic-like, Terrestrial origin, high molecular
weight and aromatic organic compounds, Soil
derived, reduced terrestrial, common in wide range
of freshwater environments such as wetlands and
rangelands, humic acid-type
C3 Kothawala et al., 2014
C4 Kowalczuk et al., 2010
C3 Singh et al., 2017
C5 Yamashita et al.,2010
C2 Hosen et al., 2014
C2 Lu et al., 2013
Tryptophan-like, Protein like, autochthonous
production; autochthonous algal and microbially
derived proteins; Protein like indicative of recent
production, also commonly found in croplands,
wastewater, industrial, and livestock wastes
C8 Fellman et al., 2009
C4 Singh et al., 2017
T Coble, 1996
C6 Kowalczuk et al., 2010
C7 Yamashita et al.,2010
C4 Hosen et al., 2014
C4 Singh et al., 2014
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Figure 3.7

3.4.3

Variation of parallel factor (PARAFAC) components in Weeks Bay water
following low precipitation (L, n=11), moderately-high precipitation (MH, n=12),
moderately-low precipitation (ML, n=12) and high precipitation (H, n=11) events.
‘n’ denotes number of samples.

Bottom sediment characterization and chemistry
Total digestion of Weeks Bay bottom sediment sample revealed the presence of Mn

(110.00±0.00 mg/Kg); Zn (30.00±1.41 mg/Kg); As (7.75±0.21 mg/Kg); Cu (4.05±0.07 mg/Kg);
U (2.35±0.07 mg/Kg); Hg (0.03±0.00 mg/Kg) and Fe (19500.00±707.11 mg/Kg). The recovery
of the above trace elements from the standard reference material (PR_LCSSRM_00018) was
above 95%. However, the XRD analysis of the bottom sediment revealed complete absence of
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As, Cu, U, Mn, Zn, and Hg bearing minerals, with the presence of two predominant minerals:
Quartz (SiO2: 97.2%), and Pyrite (FeS2: 2.8%) (Fig. A. 3).
3.4.4

Statistical Results
To evaluate the change in water chemistry of the bay in response to precipitation in the

watershed and corresponding river water discharge, we used PCA analysis of PARAFAC
components, optical indices, DOC flux, TDN flux, inorganic ions (trace elements and nutrients)
flux, and water quality parameters (Fig. 3.8). The two principal components (PC); PC1 and PC2,
together explained 49.80% of the total variance of the data. The presence of microbial
PARAFAC components C2 and C4 along with high FI, BIX, SR on the positive side of the PC2
indicates allochthonous anthropogenic input. Whereas the presence of high SUVA254 along with
PARAFAC components C1 and C3 along the negative side of the PC2 indicates terrestrial input.
The HIX is inversely related to components C2 and C4. The TDS, salinity, pH, nutrients (PO43-,
NO3-, NO2-), and the trace elements As, U, and Cu were associated with microbial humic-like or
protein-like PARAFAC components C2 and C4. The ammonium ion (NH4+) and the trace
elements Mn and Zn were associated with terrestrial humic-like PARAFAC components C1 and
C3. Hg and Fe showed no association with any PARAFAC components, yet both were strongly
associated with DOC and TDN. The ORP and DO were present along the negative side of the
PC1 axis and also directly related to both Fe and Hg. Among the samples collected following the
precipitation events, all high precipitation events were located on the positive side of the PC1
axis, while all the samples representing the low precipitation events were positioned on the
negative side of the PC1 axis.
Bootstrap resampling method at confidence intervals 2.5%, 50%, 97.5% was applied to
the flux of trace elements (As, Mn, U, Cu, Zn, Hg, Fe) following four field campaigns (Fig. 3.9).
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The bootstrap results revealed that there was a significantly high flux of As, Cu and U in the bay
following the high precipitation event compared to moderately-high, moderately-low, and low
precipitation events (Table 3.4). In contrast, the flux of Hg, Mn, and Fe were significantly higher
statistically following the low precipitation event than the moderately-high, moderately-low and
high precipitation events. The flux of Mn to the bay showed a statistically significant decrease
from low precipitation event to high precipitation event. The flux of Zn to the bay was
statistically similar but higher following both low and moderately-high precipitation events
compared to its flux following moderately-low and high precipitation events.
The one-way ANOVA analysis indicated that variability of SUVA254 between the four
events (mean square=11.30) and the variability within each precipitation event (mean
square=0.69) are significantly different (F=16.46), therefore mean SUVA254 of each event is
significantly different (p<0.05) from one another. Tukey-HSD pairwise multiple comparison
post-hoc analyses indicated similar mean SUVA254 following the moderately-low and high
(p>0.05) precipitation events. The mean SUVA254 following the moderately-high and low
precipitation events were the same and following the low and high precipitation events were also
the same (p>0.05). Mann-Whitney-Wilcoxon Test confirmed a significant (p<0.05) increase in
PARAFAC components C2, C3, and C4 from low to high precipitation events with U values of
118, 104, and 118, respectively, while the component C1 showed no significant change (p>0.05,
U=72) following the four precipitation events.
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Figure 3.8

Principal component analysis (PCA) biplot for the Weeks Bay water chemistry.
Samples collected following low precipitation (L, n=11), moderately-high
precipitation (MH, n=12), moderately-low precipitation (ML, n=11) and high
precipitation (H, n=11) events were indicated by distinct colors. ‘n’ denotes
number of samples.
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Figure 3.9

Bootstrap resampling results of the discharged normalized concertation of trace
elements in Weeks Bay water following low precipitation (L, n=1000),
moderately-high precipitation (MH, n=1000), moderately-low precipitation (ML,
n=1000) and high precipitation (H, n=1000) events. ‘n’ denotes number of
bootstrap means.
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Bootstrap 2.5 %, 50% and 97.5 % quantile values of trace elements following low precipitation (L), moderately-high
precipitation (MH), moderately-low precipitation (ML) and high precipitation (H) events.
Sampling
Session
Bootstrap
Quantiles
As
Mn
U
Cu
Zn
Hg
Fe

2.5 %

L
mg/s
50 %

97.5 %

18.16
220.03
1.35
4.86
6.42
0.34
1148.21

18.49
239.35
1.44
5.10
7.92
0.37
1267.79

18.80
257.81
1.53
5.35
10.60
0.40
1411.17

2.5 %

MH
mg/s
50 %

97.5 %

14.27
160.33
1.16
5.02
5.13
0.09
426.97

15.20
183.17
1.36
6.00
8.86
0.10
479.54

16.09
204.65
1.59
7.79
16.00
0.12
540.09
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2.5 %

ML
mg/s
50 %

97.5 %

17.77
148.55
0.89
5.00
2.70
0.03
296.50

18.96
155.45
0.97
5.27
2.97
0.04
307.05

20.14
164.32
1.04
5.52
3.30
0.04
317.42

2.5 %

H
mg/s
50 %

97.5 %

36.15
131.10
2.00
47.93
2.74
0.09
358.55

38.45
138.10
2.13
63.70
3.05
0.19
390.36

40.98
145.71
2.29
85.06
3.46
0.36
427.73

3.5
3.5.1

Discussion
Water and sediment chemistry
The concentration of Cu in Weeks Bay exceeded the EPA recommended water quality

criteria both for acute and chronic toxicity for aquatic life following the high precipitation event.
On the other hand, the concentrations of other trace elements including U, Zn, Hg, As, Mn, and
Fe, and nutrients including NO3- and NO2- in the bay were lower than the EPA recommended
water quality criteria (EPA, 2018). Yet it is important to note that even at such low
concentrations, their regular input and concurrent deposition can lead to their enrichment in the
bay bottom sediments over time and bioaccumulation/magnification of these trace metals in
aquatic organisms.
The flux of As, U, and Cu along with PO43- and NO3- into the bay increased following
increase in precipitation in the watershed (Figs. 3.3 and 3.4). Their co-occurrence and the
simultaneous increase in flux were not surprising as the predominant land use land cover of the
watershed surrounding Weeks Bay is agricultural land (cultivated crops-24.48%, hay and
pasture-19.00%). The application of phosphate-based fertilizers, micronutrients containing Cu
and animal manure in those agricultural areas can be one of the possible sources for the
excessive influx of PO43-, NO3- and Cu (Bandyopadhyay et al., 2014; Hudak, 2000; Miller et al.,
2011). Moreover, phosphate-based fertilizers can be a source of As or it can enhance the release
of adsorbed As from the soil fraction, especially from iron oxyhydroxides (Jayasumana et al.,
2015; T. Y. Lin et al., 2016; Molina et al., 2009; Signes-Pastor et al., 2007), which is in
agreement with the significant strong positive relationship (p<0.05, r= 0.67) of As and PO43- flux
in the bay. Similarly, the concentration of As (7.75±0.21 mg/Kg), Cu (4.05±0.07 mg/Kg), and U
(2.35±0.07 mg/Kg) were also very high in the bottom sediments. While naturally occurring
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pyrite containing As (S- and Fe2+ atoms were replaced by As) can be a source for As (Blanchard
et al., 2007; Le Pape et al., 2017), the absence of As-bearing pyrite (Fig. A. 3) and increase in
the flux of As along with U, Cu, PO43-, and NO3- into the bay (Fig. 3.3) clearly indicates an
external or anthropogenic source for As. Previous studies in the adjacent watersheds have
attributed enhanced concentrations of trace elements to external sources. Lafabrie et al. (2011)
reported high amount of As and Hg in the Fish River sediments and identified Warrior Coal
Field (coal enriched in As and Hg) located at northwestern corner of Mobile Bay watershed and
the chemical industrial plants located between Mobile Bay and Mobile-Tensaw Delta as the
possible sources. Zielinski et al. (2007) have also reported the presence of As, Hg, and U in the
feed coal and its derivative fly ash in the Warrior Coal Field. The increase in the flux of U along
with the flux of As and Cu in the bay in response to precipitation and discharge (low to high)
suggests additional sources of U from the watershed. There was no nuclear reactor near the
watershed. Although there are a couple of nuclear power plants in the state of Tennessee, along
the Tennessee River, the river is not connected to Weeks Bay. However, there are exposed out
crops of black shale formations present along the north-eastern Alabama, but no streams flowing
to Weeks Bay are connected to those outcrops. Hence, the possible source of U could be the
effluent of Warrior Coal Field, as the coal contains a substantial amount of U as an impurity
(Zielinski et al., 2007).
Overall there was a decrease in flux of Mn, Hg, Fe, and Zn in the bay from low to high
precipitation event. However, their concentrations in sediment (19500.00±707.11 mg/Kg;
110.00±0 mg/Kg; 30.00±1.41 mg/Kg; 0.03±0.00 mg/Kg) were very high, and their high flux in
bay following low precipitation event may be due to the prevalence of higher reducing
conditions (lower ORP values) in the bay. Warrior Coal Field and the chemical industrial plants
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in the watershed are likely the sources of Hg contamination in Weeks Bay. The concentration of
Hg was high following the low precipitation event compared to the high precipitation event
possibly because of dilution following the precipitation events. Previous studies have reported
the presence of high concentrations of Mn, Zn, and Cu in the shallow regions of the Gulf of
Mexico and suggested their release from reductive dissolution of bottom sediments via
decomposing organic matter (Joung and Shiller, 2016; Slowey and Hood, 1971). Another
possible source of Mn and Zn could be fertilizer such as basic slag containing Ca, Mg, Mn, and
Zn commonly used in the agricultural areas of Southeastern United States. Also, application of
ammonium fertilizers can lead to nitrification and soil acidification that accelerates leaching of
cations adsorbed to soil.
Both NH4+ and NO2- fluxes were negatively related to NO3- flux (p <0.05, r= -0.37 and
p<0.05, r= -0.29) in the bay. The weak but significant inverse relationship of both NH4+ and
NO2- against NO3- could be due to the active nitrification/denitrification process in the bay. The
high flux of NO2-, high amount of DO, and low flux of NO3- following low precipitation event
compared to their concentration following the events of precipitation could indicate high
anaerobic denitrification process following low precipitation and discharge (Kim et al., 2010).
High DOC was observed following the low precipitation event compared to other three
precipitation events possibly because of higher residence time of the river effluents in Weeks
Bay and vice versa. This pattern suggests that the input of DOC is hydrologically controlled, that
is, the flow path is shifted from deep, low-DOC soil horizons to shallow, high-DOC horizons
following low to high precipitation events (Dalzell et al., 2007; Hu et al., 2016; Zhou et al.,
2016). Thus, our study shows that the DOC flux into Weeks Bay and then to NgoM through
Mobile Bay increases with discharge.
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Stolpe et al. (2010) reported the presence of U-CDOM colloids, Mn in Fe-rich colloids
and Cu-CDOM complexes in the Pearl, Mississippi, and Atchafalaya Rivers. A positive
correlation was observed between the fluxes of Fe and DOC in the bay following all
precipitation events (p<0.05, r=0.83) indicating their co-occurrence as Fe-DOM colloids.
According to Novotnik et al. (2018) the mobility of U is also controlled by its oxidation state
and the presence of complexing agents like inorganic carbon, PO43-, and DOM. We observed a
significant positive relationship (p<0.05, r=0.64) between the fluxes of U and PO43-, however
we did not observe a correlation between DOC and U in our dataset nor did we observe a
correlation between Cu and DOC in Weeks Bay.
3.5.2

Variation DOM in response to precipitation
The variation of both absorption and fluorescence indices from low precipitation through

the moderate to high precipitation revealed the input of less humified, simpler, low molecular
weight, microbially reprocessed or protein-like DOM into the bay following the precipitation
events. The SUVA254 values had minimum change as a function of precipitation and discharge,
however the ANOVA analysis confirmed that the variability of SUVA254 between and within
each precipitation event were significantly different (p<0.05). The difference in mean SUVA254
values following the four precipitation events (L, MH, ML, H) indicates DOM export from
multiple sources. That is high aromatic and high molecular weight DOM input from adjoining
herbaceous wetlands, woody wetlands, and evergreen forests and low aromatic DOM from the
croplands, pasture, and urbanized areas (Lu et al., 2013). Meanwhile, high value of SUVA254
following the event of moderately-high precipitation could be due to higher input of soilderived DOM along with other terrestrially derived DOM, both with high aromatic character,
into the bay from dry riparian areas and surrounding woody herbaceous wetlands. The higher
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and fluctuating SUVA254 values during the events of precipitation could also be due to the input
of humic DOM from the coal effluents from warrior coal fields. The release of humic
substances from coal is been widely reported (De Souza and Bragança, 2018; Valero et al.,
2014). The SR values, proxy for DOM molecular weight, were also high following the
moderately-high, moderately-low and high precipitation events compared to low precipitation
event indicating high influx of low molecular weight or simpler microbial humic-like or
protein-like DOM from the croplands, pasture, and urbanized areas into the bay following
precipitation.
The BIX values were always less than one during all four trips indicating the dominance
of organic matter from external sources or allochthonous input. Increases in both BIX (10.26 %)
and FI (2.03 %) indices along with fluctuating HIX values as discharge increases also indicates
addition of fresh, microbially derived, DOM into the bay through the river discharge in response
to precipitation (Fig. 3.5). The sources for this pool of fresh microbial organic matter could be
human-modified lands such as croplands, pasture, and urbanized areas. Previous studies have
reported that agricultural and urban areas export DOM with enhanced signatures from microbial
sources (Lu et al., 2013; Sankar et al., 2018).
Concomitant increase protein-like (C2: U=118, p<0.05 and C4: U=118, p<0.05) and soilderived components (C3: U=104, p<0.05) and relatively constant input of terrestrial humic-like
(C1: U=72, p>0.05) component from the low precipitation through moderate to high
precipitation indicate continuous input of protein-like and soil derived DOM to the bay from
agricultural and urbanized areas following precipitation (Fig.3.7). The reason for the low
variability of the component C1 during all field campaigns could be due to the continuous
supply of terrestrial humic-like DOM from the woody herbaceous wetlands present all along the
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banks of the bay (Sankar et al., 2018). Furthermore, the component C1 has been found in
multiple studies as a background fluorescence in fluvial waters due to its refractory nature
(Sankar et al., 2018; Singh et al., 2017; 2010). The largest variation of soil derived DOM
component (C3) following moderately high precipitation (IQR= 0.04) could be because of its
large influx due to flushing from within and above the dry soil horizons during the initial period
of precipitation.
Based on the variation of both optical indices and DOM composition, it is quite evident
that precipitation in the watershed has mobilized a considerable amount of allochthonous fresh
microbially reprocessed DOM into the bay from the Weeks Bay Watershed. Additionally, there
is a possibility of allochthonous microbially reprocessed DOM input into Weeks Bay through
the Mobile Bay from Mobile Bay Watershed especially during the events of high tides, however
more data is required from the Mobile Bay to ascertain this claim.
3.5.3

Relationship of salinity and dissolved constituents
The dissolved constitutes showed a conservative mixing behavior in the Weeks Bay.

Increase in fluxes of As, Cu, U, NO3-, PO43-, NO2- and decrease in trend of fluxes of Fe, Mn,
Zn, Hg and NH4+ as a function of salinity indicates the relative influence of watershed
hydrology versus bay bottom redox conditions in their distribution in the bay water. The
precipitation induced freshwater input can cause the increase in fluxes of As, Cu, U, NO3-, PO43and NO2-. On the other hand, prevalence of higher redox conditions in the bay during dry
weather conditions can cause the increase of fluxes of Fe, Mn, Zn, Hg along with NH4+ by the
dissolution of their oxidized forms. The low inverse relationship of Hg and salinity suggesting
dilutionary effects during the events of precipitation or due to atmospheric transport and settling
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in the bay. The inverse relationship of DOC and TDN with salinity supports the shifting of
hydrologic flow paths from low to high precipitation events (Fig. A. 4& A. 5).
3.5.4

DOM and trace element relationships
The samples collected following high precipitation event were positioned all along the

positive side of the PC1 axis indicating protein-like or microbial humic-like DOM input into the
bay from the croplands, pasture, and urbanized areas of the watershed. Similarly, most of the
samples collected following moderately-high and some of the samples collected following
moderately-low precipitation events were also located near the positive side of the PC1 axis
indicating more of microbially reprocessed DOM input into the bay following precipitation
(Fig. 3.8). While all samples collected following the low precipitation event were in the
negative side of the PC1 axis indicating less microbial humic-like or protein-like and more
terrestrial humic-like DOM input. The PCA plot clearly shows a strong connection between the
fresh, microbially or anthropogenically derived, simpler DOM components (C2 and C4), the
trace elements (As, Cu, U), and the nutrients (PO43- and NO3-). Their mutual relationship clearly
indicates that As, Cu, U and inorganic N and P nutrients were flushed into the bay along with
microbially derived DOM components (C2 and C4) from the adjoining agricultural and
urbanized areas. Furthermore, the positive relationship of pH, with components C2, C4 along
with As, Cu, U and PO43- and, NO3- indicates that they entered the bay as the result of water
discharge through the rivers following the events of precipitation. Hg shows no correlation with
any of the PARAFAC components, nutrients, trace elements, or pH indicating its introduction
into the bay through atmospheric deposition or dilutionary effect due to its low concentration.
The strong positive relationship of Hg, DOC, and ORP could be due to the formation of HgDOM complexes in the bay water under reducing conditions (Gu et al., 2011; Harris et al.,
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2012; Ravichandran, 2004). A strong positive correlation of Fe and DOC indicates the existence
of Fe-DOM colloids in the bay (Stolpe et al., 2010). The strong positive association of Mn and
Zn with the highly aromatic humic terrestrial (C1) and soil derived (C3) components indicates
their origin from decomposing organic matter from sediments and soil. Similarly, the bootstrap
resampling technique also confirmed increase in flux of As, Cu and U with precipitation in the
bay (Fig. 3.9). On the other hand, the flux of Hg, Mn, and Fe to the bay was high following low
precipitation event implying the effect of dilution or the presence of low redox conditions
(Table 3.4). We are also not ruling out the fact that such change in trends of elemental flux in
the bay could also be the result of the change in redox conditions due to groundwater surface
water interactions in the bay. However, we do not have associated groundwater data to prove
such claim.
Only a few studies have evaluated the source of trace elements in the coastal areas of
NgoM (Lafabrie et al., 2011; Telfeyan et al., 2017; USEPA, 1999). In the present work, we
correlated DOM sources and its chemical properties with trace elements, which was found to be
effective in the identification of the source of trace elements. Our results suggest that
precipitation in the watershed and the subsequent water discharge through both the rivers into
the bay affected the quality and chemistry of the Weeks Bay water. In addition to freshwater
discharge from the Fish and Magnolia Rivers, Weeks Bay receives tidal flows from Mobile Bay
as well (Passeri et al., 2016). The amount of Mobile Bay water incursion to Weeks Bay or the
concentration of water quality parameters in the Mobile Bay was not investigated in this study.
However, trends of TDS and salinity in the Weeks Bay observed in this study were similar on
all four field campaigns, which can be attributed to tidal effects during the time of field work.
The DO concentration of an aqueous solution reduces in response to increase in salinity and
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temperature (Lay et al., 2010), hence, the low DO content of the bay water following the events
of precipitation were coinciding with both high salinity and temperature, and high DO
concentrations were coinciding with both low salinity and temperature following low
precipitation event. Freshwater input into Mobile Bay happens mainly through the Tombigbee
River, the Alabama River, and their tributaries; which drains a much larger watershed. We
acknowledge that the incursion of water from Mobile Bay, which includes freshwater from the
Mobile Bay Watershed and seawater, to Weeks Bay may have an effect on the water quality of
the Weeks Bay especially during high tides. Collection of field data from the Mobile Bay and
adjoining coastal waters, and hydrodynamic modeling will help in quantifying the effect of flow
of Mobile Bay waters to Weeks Bay.
3.6

Conclusion
The trace element, nutrient, and DOM amount in the Weeks Bay was very much

dependent on precipitation in the watershed and subsequent water discharge into the bay
through the two blackwater rivers, Fish and Magnolia. Statistical analyses of water quality
parameters following low-high precipitation events indicated that the concentration of trace
elements As, Cu, and U, and the nutrients NO3- and PO43- were higher in the Weeks Bay
following high-precipitation events. Moreover, the availability of microbial humic-like or
protein-like DOM components increased in the bay along with soil-derived, humic component
following precipitation. This clearly indicates that following precipitation, the trace elements
As, Cu, and U are exported to the bay along with soil leachate and microbially processed DOM
components from various anthropogenic sources present in the watershed such as agricultural
areas or industries. Further, the spectroscopic properties, BIX (< 1 during the study period), FI
(gradually increasing) and SUVA254 (decreasing) along with increasing microbial humic-like,
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protein-like and soil-derived humic DOM components following precipitation indicated that the
trace metals were mobilized to the bay along with allochthonous DOM. Results also revealed
that the trace element and DOM fluxes in Weeks Bay was largely dependent on hydrologic
characteristics (precipitation and discharge) and land use land cover. Future work may include
exploring the incursion of contaminants into Weeks bay through Mobile Bay and its drainage
system during high tides. Increasing precipitation events are projected due to global climate
change, which can affect DOM-trace element mobility in the coastal waterbodies in the
southern states and worldwide. This study highlights the importance of DOM composition in
determining sources of trace elements in the watershed.
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LAND USE AND LAND COVER CONTROL ON THE SPATIAL VARIATION OF
DISSOLVED ORGANIC MATTER ACROSS 41 LAKES IN MISSISSIPPI, USA
4.1

Abstract
While dissolved organic matter (DOM) is an important indicator of water quality, land

use and land cover (LULC) of watersheds define the source, quality, and quantity of DOM
delivered to a waterbody. This study examined the influence of various LULC classes in the
spatial distribution of DOM in 41 lakes across the state of Mississippi. To scale the influence of
LULC classes on DOM distribution, we have classified 41 lakes into five clusters based on DOM
composition indicated parallel factor analysis. Four major DOM compositions including
terrestrial humic-like (C1), microbial humic-like (C2), soil-derived humic-like (C3) and
tryptophan-like or tyrosine like (C4) components were identified. Higher amounts of terrestrial
humic-like and soil derived humic-like DOM compositions were observed in lakes within
watersheds dominated by forested, barren, wetlands, or agricultural areas with exposed
unconsolidated soil. Higher amounts of microbial humic-like composition were observed in lakes
surrounded by hay/pasture, rangeland, and urbanized areas. Additionally, protein-like DOM and
ammonia were more enriched in larger lakes, indicating the influences of photochemical
reactions. High amounts of forested areas and higher concentrations of terrestrial humic-like
DOM composition were identified in all lakes suggesting forested areas in the watershed as the
principal source of DOM in Mississippi lakes.
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4.2

Introduction
Lakes are surface water bodies that host a diverse ecological system, that is influenced by

land use and land cover (LULC) classes surrounding their watersheds (Nielsen et al., 2012;
Pullanikkatil et al., 2015). Numerous dissolved and particulate materials are discharged into
lakes via surface and ground water flows across the landscape, and the source, amount, and
quality of these materials play a key role in water quality and the biological activities of the lakes
(Welti et al., 2017). Water quality has been assessed using a suite of indicators, among which
dissolved organic matter (DOM) has been considered as the ‘Master Variable’ for directly or
indirectly regulating other indicators including pH, dissolved oxygen, and dissolved nutrients.
The DOM is operationally defined as organic matter in the water that can pass through the 0.20.45 µm filter, and it is a complex mixture of compounds including humic acids, fulvic acids,
proteins, lipids, etc. (Coble et al., 1998; McKnight et al., 2001; Peterson et al., 2003; Sankar et
al., 2019). DOM contains primarily dissolved organic carbon (DOC) but also dissolved organic
nitrogen (DON) and dissolved organic phosphorus (DOP) that serve as nutrient and energy
substrates to aquatic food webs. DOM also forms complexes with heavy metals and influences
their transport and bioavailability (Cleveland et al., 2004; Yamashita & Jaffé, 2008; Sankar et al.,
2019).
Despite the complexity of DOM composition, DOM is regularly monitored as a water
quality indicator by rapid but inexpensive optical measurements of water samples. Specifically,
the composition of DOM can be determined by parallel factor analysis (PARAFAC) of the
excitation-emission matrices (EEM) collected from fluorescence-absorbance spectroscopic
analysis of samples from a waterbody (Stedmon & Bro, 2008). This technique analyzes optically
sensitive part of DOM that absorbs ultraviolet and visible light and fluoresces (Nelson & Siegel.,
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2013). EEM-PARAFAC results can differentiate the sources of DOM, i.e., compounds produced
within an aquatic system (autochthonous) versus from soils and other biological sources in
watersheds (allochthonous), in addition to providing estimated information on DOM
composition and biodegradability, i.e., structurally complex, high-molecular-weight, refractor
compounds vs. low-molecular-weight, labile compounds (Toming et al., 2013; Sankar et al.,
2019).
Previous studies demonstrated that DOM within aquatic environments can be controlled
by multiple environmental processes including LULC classes, hydrology, and soil characteristics
(Brooks et al., 1999; Molinero & Burke, 2009; Singh et al., 2017; Wang et al., 2018). Within a
particular watershed, LULC play a dominant role in the composition and fate of DOM in a
waterbody (Lu et al., 2013, 2014, 2015; Singh et al., 2017; Sankar et al., 2019). Forested areas
can export more high-aromatic, high-molecular-weight, humic DOM into a waterbody than
agricultural areas (Hosen et al., 2018). A dense riparian canopy that is generally associated with
a forested stream reduces photodegradation and thus facilitates the accumulation of these humic,
aromatic compounds in the stream (Brookshire et al., 2005; Kothawala et al., 2015). By
comparison, human-modified land use can increase protein-rich DOM from
autochthonous/microbial sources in a waterbody (Wilson & Xenopoulos, 2009; Lu et al., 2014).
This pattern has been attributed to sewage effluents (Baker & Spencer, 2004), higher instream
biological activity, and/or higher rates of decomposition of soil organic matter in the riparian
zones (Yamashita et al., 2011). The effects of watershed LULC on aquatic DOM may vary with
flow conditions. For example, the presence of agricultural land near riparian areas can enhance
the delivery of soil derived humic-like DOM to a river during storm flow conditions but
stimulate instream production of protein-like DOM during base flow conditions (Hu et al., 2016).
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A few studies also noted the legacy effects of LULC on aquatic DOM. For example, DOM
composition similar to that of soil carbon from remnant wetlands and/or forest‐dominated
ecosystems were observed in an agro‐urban stream in Australia suggesting past watershed LULC
can influence current DOM composition (Petrone et al., 2011a).
There are conflicting findings on the nature of aquatic DOM associated with different
LULC classes. Comparing different LULC types in a watershed, while the majority of studies
reported higher amounts of humic-like, high aromatic DOM associated with forested areas and
wetlands (Wilson & Xenopoulos, 2009; Lu et al., 2014), a few studies observed more abundant
humic-like DOM due to agricultural lands (Singh et al., 2015; Van Stan et al., 2017; Shang et al.,
2018). As for DOM bioreactivity, more labile DOM has been associated with streams draining
forests (Jaffé et al., 2012) or agricultural and urban lands (Shang et al., 2018; Parr et al., 2015;
Khamis et al., 2017). These contradictory findings reflect natural variability and complexity in
terrestrial-aquatic DOM linkages and demonstrate the need to assess the influence of LULC on
DOM quality in waterbodies over a range of spatiotemporal scales.
Furthermore, previous findings are based largely on fluvial ecosystems, yet studies on the
effects of LULC on DOM in lacustrine environments remain scarce. Relative to streams, lakes
have more prolonged hydraulic residence time that allows for a greater degree of photochemical
and microbial processing of DOM. We hypothesize that the effects of LULC can be dampened or
largely removed by within-lake DOM processing. Here, we test this hypothesis by characterizing
DOM source and composition of multiple waterbodies of different watersheds in the state of
Mississippi. We assessed LULC control on the spatial variability of DOM across multiple
surface waterbodies. We further interpreted the DOM results in tandem with other water quality
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indicators such as inorganic nutrients to understand the environmental and ecological
implications of the linkages between watershed LULC and lacustrine DOM.
4.3
4.3.1

Materials and Methods
Study area, sample collection and watershed attributes
Surface water samples from 41 lakes in the state of Mississippi were collected between

June and July of 2017 (Fig. 4.1). Each of the lakes represent separate watersheds with varying
amounts of eight distinct LULC classes. The common LULC types such as forest, wetland,
agriculture, rangeland, hay/pasture, urban, barren land, and open water were present in all
watersheds, each having varied spatial coverage (Table 4.1). A total of 137 water samples were
collected. A minimum of three and maximum of six water samples, depending on the lake size
(larger sample size for bigger lakes) were collected from each lake so that samples can better
capture the spatial variability (Table. B1). From each site, a two-liter sample was collected in dry
pre-cleaned and acid washed high-density polyethene (HDPE) bottles using an extendable
sampling stick (Dash et al., 2015). After collection, the samples were kept in ice in a cooler and
brought to the laboratory. The samples were filtered through 0.2-μm Whatman® nucleopore
track-etch membrane filters on the same day immediately after they reached the laboratory. An
aliquot of the filtered water samples was saved in 100-mL Fisherbrand® pre-combusted, acidwashed, and oven-dried amber glass bottles for UV-Vis absorption and fluorescence
measurements. Two additional aliquots were stored in 20 mL acid-washed, and oven-dried
VWR® HDPE narrow mouth bottles for the analysis of nutrients such as phosphate (PO43-),
nitrate (NO3-), nitrite (NO2-), and ammonium (NH4+) anions. The samples for absorption and
fluorescence measurements were refrigerated at 4°C, while the samples for nutrients were frozen
at -80°C until analysis.
104

Figure 4.1

Location of the lakes present in five different clusters distributed along the 11
physiographic regions of the state of Mississippi.

LULC classes of watersheds surrounding the 41 lakes were obtained from the geospatial
data gateway of the United States Department of Agriculture (USDA). The physiographic unit
layer was collected from the Mississippi Automated Resource Information System (MARIS).
The individual watersheds were demarcated by overlaying the digital elevation model (DEM)
over hydrological unit code-12 (HUC-12) watershed boundary dataset with streams and lakes
data of the state of Mississippi in ArcGIS® 10.3.1 software platform. The LULC of individual
watersheds surrounding each lake were extracted by overlaying selected polygons of the HUC12 boundaries over the LULC layers of the state of Mississippi. Subsequently, areal coverage
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percentages of each LULC class were calculated. Additionally, drainage ratio was calculated by
taking the ratio of total watershed area to the area of the lake (Lottig et al., 2012). The drainage
ratio was used to estimate the flux of dissolved load, especially nutrients, through surface runoff,
and the water retention time in a lake (Singh et al., 2017).

Figure 4.2

Figure 4.1 Cluster dendrogram showing five different clusters below the horizontal
red line.
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The amount of parallel factor (PARAFAC) components, and LULC area, and drainage ratio the 41 different lakes
representing five clusters.
#
Sample ID

C1
%

C2
%

C3
%

C4
%

Wetland
%

Open
water %

Forest
%

11.39

Range
land
%
19.14

Urban
%

49.31

Hay/
Pasture
%
12.42

Agricultur
e%

Barren
land%

1

Boguehoma

40.34

21.62

12.43

25.61

2

Tombigbee

36.08

23.56

11.73

28.64

1.65

7.21

12.00

1.97

36.10

15.91

3

Bay Springs

34.44

28.49

11.30

25.78

1.84

12.06

24.48

55.98

4

English Lake

37.43

27.20

5

Lincoln

35.22

35.13

12.83

22.54

7.40

12.42

17.22

5.03

14.66

0.55

13.15

2.16

6

Lake Bluff

35.51

30.99

12.28

21.21

38.02

6.75

7

Lake Lowndes

37.59

31.22

12.31

18.87

14.67

8
9

Tippah County

38.23

31.03

12.37

Lake Loakfoma

40.42

25.89

14.26

18.36
19.43

10

Hideaway

43.52

26.28

15.43

14.77

11

Simpson legion

41.36

26.61

15.19

12

Calling Panther

13

Kemper

43.67

25.32

42.18

27.02

14

Flint Creek

37.61

15

Lake Mary

16

5.46

0.27

0.36

60.62

6.19

20.46

0.17

50.73

1.37

3.51

0.76

0.00

4.09

50.58

10.32

6.56

9.91

0.02

183.42

60.68

13.03

5.30

0.65

0.00

46.20

2.76

27.04

19.04

3.35

3.02

0.02

36.17

13.20

2.34

47.46

7.06

6.80

8.44

0.04

42.82

2.07

14.37

1.88

37.27

26.30

6.43

11.68

0.00

53.21

38.02

6.75

2.76

27.04

19.04

3.35

3.02

0.02

36.17

26.22

20.47

2.00

14.58

16.83

16.25

2.91

0.75

49.99

16.84

3.83

18.30

0.86

55.28

11.20

9.53

0.99

0.00

115.89

14.01

17.01

1.25

16.61

2.26

62.32

10.29

6.39

0.29

0.58

44.20

14.10

16.70

7.71

22.76

2.55

53.66

8.67

3.74

0.45

0.47

39.25

30.37

14.04

17.98

20.95

26.47

2.45

29.27

11.73

4.92

4.12

0.09

40.77

37.88

30.17

14.65

17.30

40.36

5.30

13.00

29.58

8.04

1.83

0.94

0.96

7.69

Caroline

39.72

30.52

13.88

15.87

7.19

7.63

5.81

33.17

25.29

7.69

13.11

0.11

17.20

17

Prentice Walker

39.94

30.66

12.84

16.56

7.01

15.38

0.55

48.89

21.92

5.16

1.09

0.00

181.94

18

Clarkco

41.45

31.87

12.84

13.83

3.95

25.64

2.94

54.18

5.70

6.95

0.56

0.09

34.02

19

Bill Waller

41.94

29.08

14.38

14.60

17.40

25.72

0.59

46.76

4.25

4.85

0.23

0.20

168.87

20

Turkey Creek

41.11

30.04

14.32

14.54

12.84

15.81

1.85

57.41

7.34

4.16

0.57

0.03

54.17
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Drainage
ratio

Cluster

1

2

Table 4.1 (continued)
21

Dry Creek

48.14

24.44

22.82

4.60

4.22

14.91

0.68

55.73

16.79

5.72

1.47

0.48

146.33

22

Moon Lake

46.33

30.28

17.64

5.74

9.55

0.39

9.66

0.41

0.71

8.33

70.96

0.00

10.35

23

Geiger Lake

48.15

25.14

20.23

6.48

16.22

25.05

1.83

42.69

4.43

8.43

1.28

0.06

54.53

24

Lake Natchez

46.81

25.05

21.98

6.16

0.66

16.05

0.72

74.45

2.74

4.18

1.08

0.12

139.37

25

Maynor Creek

46.15

26.79

17.03

10.04

5.82

20.40

3.72

50.37

12.87

6.03

0.63

0.16

26.91

26

Archusa

42.83

28.17

17.42

11.58

3.95

25.64

2.94

54.18

5.70

6.95

0.56

0.09

34.02

27

Bee Lake

43.16

28.46

17.25

11.12

35.04

1.28

4.05

9.11

0.34

3.03

47.14

0.02

24.70

28

43.77

28.07

17.00

11.15

13.25

12.89

1.12

45.95

18.71

5.92

2.16

0.00

89.15

29

Roosevelt State
Park
Washington

42.67

31.22

15.92

10.20

23.39

0.07

5.39

0.06

0.26

3.96

66.86

0.00

18.55

30

Mike Connor

43.42

30.20

15.80

10.58

5.89

18.15

0.34

51.32

17.23

5.52

1.55

0.00

298.32

31

Walthall

44.33

29.04

15.96

10.67

11.07

27.39

0.17

34.76

19.21

4.77

2.62

0.00

594.26

32

Lamar Bruce

41.67

25.32

18.00

15.00

7.32

12.34

1.20

49.55

10.43

11.49

7.64

0.03

83.03

33

Elvis Presley

44.03

24.70

18.34

12.93

6.00

14.57

3.73

42.42

11.85

11.87

9.36

0.20

26.82

34

Claude Bennett

44.57

25.67

16.91

12.85

16.11

24.13

0.66

39.56

15.46

3.54

0.49

0.05

150.81

35

Lake Columbus

44.89

26.42

16.81

11.88

15.98

13.10

2.79

28.77

19.47

8.37

11.17

0.34

35.78

36

Lake Perry

46.14

24.06

20.87

8.93

25.83

12.77

2.27

48.83

3.41

6.20

0.30

0.40

44.07

37

Lake Columbia

47.33

24.74

19.65

8.27

42.38

14.80

3.89

28.60

5.11

4.13

0.49

0.59

25.68

38

Tangipahoa

47.06

25.84

18.59

8.51

13.69

23.43

2.22

36.79

13.47

6.49

3.87

0.05

45.03

39

Turkeyfork

46.01

26.66

18.76

8.57

3.56

19.00

1.38

64.04

6.95

4.38

0.55

0.14

72.31

40

Marycrowford

45.84

29.62

16.66

7.89

13.04

13.25

3.10

45.56

10.57

9.87

3.36

1.24

32.21

41

Okhissa

46.55

30.88

14.21

8.36

0.30

8.84

7.33

77.50

2.12

3.06

0.15

0.69

13.65

108

3

4

5

4.3.2

Geochemical Analyses and measurement of optical properties of water samples
Prior to analyses, the water samples were kept in room temperature for bringing them to

ambient room temperature. The concentration of nutrients including PO43-, NO3-, NH4+, and NO2anions were measured using a continuous flow auto-analyzer (Skalar® Analytical Inc, Buford,
GA) following standard protocols.
Absorption properties of water samples were collected at two nm intervals between 200
to 750 nm wavelengths in a clean 4 mL quartz cuvette with 1 cm path length using a Lambda
850 double-beam spectrophotometer (PerkinElmer, Waltham, MA, USA). The corrected sample
absorbance (A) was obtained after removing background effects and scattering of water by
subtracting the blank (deionized water,18.2 mΩ purity) absorbance from raw sample absorbance.
The corrected absorbance was used for calculating the Napierian absorption coefficient (a) of the
samples at every wavelength (λ) and expressed in inverse meters (Singh et al., 2017; Sankar et
al., 2019). The absorption coefficients of the samples were used for calculating the absorption
indices such as UV absorption coefficient at 254 nm (a254), UV absorption coefficient at 440 nm
(a440) and Slope ratio (SR). The SR is the ratio of average absorption coefficient from 275 to
295 nm and from 350 to 400 nm wavelengths. The value of a254 is directly proportional to
aromaticity, while the value of a440 is directly proportional to DOC concentration. SR is
inversely proportional to the molecular weight of the of DOM present in a water sample
(Spencer et al., 2013; Hansen et al., 2016; Singh et al., 2017; Sankar et al., 2019).
The fluorescence data of the water samples were collected in the form of excitationemission matrices (EEM) using a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon Inc.,
Edison, NJ, USA). The EEMs were measured in ratio (S/R) mode after applying company
specified instrumental corrections. The sample and blank (deionized water,18.2 mΩ purity)
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EEMs were measured for excitation wavelengths at every 10 nm increment from 240 to 450 nm
with a slit width of 5 nm. Similarly, the EEM emissions were recorded at 2 nm intervals from
300 to 550 nm with an integration time of 0.25s. The blank corrected, Raman normalized EEMs
were compensated for inner filter effects, and subsequently used for the calculation of
fluorescence indices and PARAFAC modeling (Singh et al., 2017). Using the calculations steps
provided by Hansen et al. (2016), the fluorescence index (FI), humification index (HIX) and
biological index (BIX) were estimated. The FI is used as an indicator of the source of DOM;
when the FI is between 1.6-2.0, the DOM is of microbial origin and when the FI is between 1.21.5, the DOM is terrestrial/soil derived. In a similar manner, HIX indicates the degree of
humification of natural organic matter. High HIX values indicate condensation of fluorescent
molecules and low H/C ratio of DOM indicating humification. The BIX is an indicator of the
freshness of DOM. High BIX values (>1) indicate freshly released DOM or autochthonous
production, while low BIX (0.6-0.7) indicate less autochthonous production (Huguet et al., 2009;
Hansen et al., 2016; Singh et al., 2017).
4.3.3

PARAFAC modeling and other statistical analysis
Prior to PARAFAC modeling, all the 137 EEMs were brought to the same size by

interpolating emission wavelengths to 4 nm increments and excitation wavelengths to 5 nm
increments. Then the EEMs were normalized and brought to Raman units (R.U.) by applying
daily determined water Raman integrated area under maximum fluorescence intensity (350
ex/397 em, 5-nm bandpass). After the outlier analysis, the sample size was reduced to 136 EEMs
representing the 41 lakes. A 4-component PARAFAC model was validated by split-half analysis
using Tucker congruence coefficients. The model explained 99.9% of the variation among the
136 sample EEM data. The scores of four PARAFAC components were expressed in Raman
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units (R.U.) as their fluorescence intensity maximum (Fmax). Matlab® computing platform was
used for PARAFAC modeling. Relative abundance (%) of each of these four PARAFAC
components were also computed by dividing the Fmax scores of each PARAFAC component by
the sum of Fmax scores of all four components and then multiplying by hundred.
Upon completion of the PARAFAC analysis, Spearman rank correlations among the
PARAFAC components, the optical indices, and the nutrient information were computed to
address how the PARAFAC components tie back to the analytical data. Next, the watersheds of
41 lakes across the state of Mississippi were classified by an average linkage hierarchical
clustering analysis, where DOM composition was characterized by the normalized percentage of
four PARAFAC components. The selection of the most robust clustering method was based on
the silhouette coefficient (Table B2). Among all the clustering methods, clustering by average
linkage showed the most distinct clustering results (mean silhouette = 0.42; the number of
ungrouped samples = 1; Rousseeuw, 1987). Principal component analysis (PCA) was used to
quantify the relationships among the 5 clusters within the 41 watersheds and the average
percentages of LULC, DOM composition, optical indices, and nutrient concentrations. All
statistical analyses were performed at a 95% significance level (p-value ≤ 0.05) while the
correlation coefficient was expressed as strong (r ≥0.7), weak (0.5> r ≥ 0.3) or moderate (0.7> r
≥0.5). The maximum, minimum, and mean were calculated for all the measured parameters.
Clustering and multivariate correlation analysis were conducted in R software version 3.2.2 (R
Core Team, 2016) while PCA was performed in JMP Pro-14 statistical software package (SAS
Institute Inc.). The spatial distribution of the DOM compositions in percentages of PARAFAC
components of individual lakes under investigation was created by interpolation in
ArcGIS®10.3.1 software platform.
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4.4
4.4.1

Results
Distribution of land use land cover classes and DOM quality in different clusters
Four DOM compositions in terms of PARAFAC components (denoted as C1, C2, C3, and

C4 herein) were identified among the 41 Mississippi lakes, and were largely in line with previous
studies (Fig. B1; Table 4.1). Among the four PARAFAC components, both C1 and C3 were
terrestrial humic-like components, while C2 and C4 were microbial-humic or protein-like
components. The most predominant was C1 with an average concentration of 0.71 ± 0.05 R.U.,
while the least was C4 with an average concentration of 0.24 ± 0.11 R.U. The average
concentration of C2 and C3 in the lake waters were 0.47 ± 0.05 R.U. and 0.26 ± 0.04 R.U.,
respectively.
The average linkage cluster analysis revealed 5 important clusters (Fig. 4.2). The largest
was cluster-2 with 16 lakes, while clusters 1 and 3 each had 4 lakes. Clusters 4 and 5 had 11 and
six lakes, respectively. Component 1 or C1 was highest in all the five clusters, with a maximum
of 47.36% in cluster-3 and a minimum of 37.07% in cluster-1. C2 was highest in cluster-2
(29.51%) and lowest in cluster-1 (25.22%) with not much difference in concentrations between
clusters. The greatest distinctions were revealed in C3, which was highest in cluster 3 (20.67%)
and quite low in clusters 1 and 2 (12.07% and 13.71% respectively). C4 was highest in cluster 1
(25.64%) and lowest in cluster 3 (5.74%; Fig. 4). Additionally, both components C1 and C3 had
similar spatial distribution pattern across the state of Mississippi compared to components C2
and C4 (Fig. 4.3).
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Figure 4.3

Location of 41 lakes on the 2017 land use and land cover map of Mississippi and
spatial distribution of four dissolved organic matter (DOM) compositions across
the state of Mississippi.

The LULC frequencies among the clusters revealed important relationships with the
PARAFAC components. Specifically, the areal extent of forest cover was highest for all clusters,
with a maximum of 50.22% for cluster-5 and a minimum of 36.91% for cluster-4 (Fig. 4.3 &
4.4). Agricultural areas were highest for cluster-3 lakes (18.70%) and lowest for cluster-5 lakes
(1.45%). Contrastingly, wetland coverage was highest for cluster-5 (16.47%) and lowest for
cluster-1 (6.96%). Hay/Pasture was highest for cluster-2 (13.48%) and lowest for cluster-3
(6.17%). The areal coverage of waterbodies/open water was highest for cluster-1 (7.16%) and
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lowest for cluster-4 (2.37%; Fig. 4.4). The amount of rangeland was almost equal among all
clusters, with a maximum of 15.89% for cluster-2 and a minimum of 14.10% for cluster-3.
Urbanized areas and barren land had low areal coverages. The highest urban coverage was for
cluster-3 (6.67%) and lowest for cluster-1 (5.43%). Finally, drainage ratio values were highest in
cluster-4 (125.67) and lowest in cluster-5 (38.83). The drainage ratios of cluster-1, 2, and 3 were
74.72, 60.53, and 87.65, respectively (Table 4.2).
Characterization of the four distinct parallel factor (PARAFAC) modeled DOM
compositions and their resemblance with previously published literature.
Components
Description
References
(Ex/EM) nm
C1
Terrestrial humic-like, UV humic-like,
(C2) Sankar et al., 2019
(<250fulvic acid-type. Terrestrially-derived and
(G3) Yu et al., 2015
330/448)
common in forest streams, wetlands, and
(C1) Singh et al., 2017
nearshore environments
(C3) Yamashita et al., 2010
C2
(<250300/390)
C3
(260390/504)

C4
(280/328)

Microbial Humic like, Anthropogenic
origin, Protein-like. Microbially
reprocessed Common in agriculture
dominated watersheds and waste water.
Humic-like, soil derived, terrestrial origin.
Reduced, having high molecular weightaromatic organic compounds. Common in a
wide range of freshwater environments,
wetlands, and rangelands.
Protein-like, tryptophan-like, tyrosine like.
Autochthonous production. Freshly
produced and biologically labile. Common
in croplands, industrial, and livestock
wastewater.
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(C1) Sankar et al., 2019
(G1) Yu et al., 2015
(C2) Singh et al., 2017
(C4) Yamashita et al., 2010
(C3) Sankar et al., 2019
(G6) Yu et al., 2015
(C3) Singh et al., 2017
(C5) Yamashita et al., 2010
(C4) Sankar et al., 2019
(G2) Yu et al., 2015
(C4) Singh et al., 2017
(C7) Yamashita et al., 2010

Figure 4.4

Pi diagrams showing the percentages (%) of distribution of four different DOM
components (left) and eight distinct LULC classes (right) in five different clusters.

115

4.4.2

Dissolved Nutrients
As both LULC coverage and water chemistry were of interest in this study, the average

concentrations of measured dissolved nutrients in each of the clusters were used to identify
spatial trends among the water bodies in water chemistry. In general, the average concentration
of PO43-, NO3-, and NO2- were high in both cluster-2 and 4; while the average concentration of
NH4+ was high in cluster-1 (Fig. 4.5). Specifically, the concentration of PO43- was high in
cluster-4 with an average of 50.98 µg/L with a maximum of 272.33 µg/L in Lake Washington
and a minimum of 6.96 µg/L in Lake Archusa. The lowest amount of PO43- was observed in
cluster-5 with an average of 25.23 µg/L with a maximum of 61.49 µg/L in Lake Mary Crawford
and a minimum of 9.50 µg/L in Lake Okhissa. The average PO43- concentration in clusters-1, 2,
and 3 were 31.76 µg/L, 36.78 µg/L and 35.67 µg/L, respectively. However, the lowest amount of
phosphate among all 41 lakes was observed in Lake Clarkco of cluster-2 and was 6.65 µg/L.
The average concentration of NO2- was high in cluster-2 (5.86 µg/L) with a maximum of
55.80 µg/L in Lake Mary, which was highest among all 41 lakes, and a minimum of 0.75 µg/L in
Lake Kemper. Additionally, the lowest average concentration of NO2- was observed in cluster-3
(2.04 µg/L) with a maximum of 2.50 µg/L in Geiger Lake and a minimum of 1.47 µg/L in Moon
Lake. The average concentration of NO2- in clusters-1, 4, and 5 were 2.38 µg/L, 2.12 µg/L and
2.29 µg/L, respectively. Furthermore, among all the 41 lakes, the lowest concentration of NO2was observed in Lake Bay Springs which was in cluster-1.
Among all the clusters, the average concentration of NO3- was high in cluster-2 (458.40
µg/L) with a maximum of 3323.46 µg/L in Lake Mary (highest among all 41 lakes) and a
minimum of 2.56 µg/L in Turkey creek Lake (lowest among all 41 lakes). On the contrary, the
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lowest average concentration of NO3- was observed in cluster-3 (7.29 µg/L) with a maximum of
11.97 µg/L in Geiger Lake and a minimum of 3.80 µg/L in Moon Lake.
The average concentration of NH4+ was highest in cluster-1 (31.81 µg/L) with a
maximum of 95.25 µg/L in Lake Boguehoma and a minimum of 10.04 µg/L in Lake Tombigbee.
The average concentration of NH4+ was lowest in cluster-3 (8 µg/L) with a maximum of 10.46
µg/L in Dry Creek Lake and a minimum of 5.59 µg/L in Geiger Lake. Among 41 lakes, Lake
Loakfoma of cluster-2 had the highest concentration of NH4+ (105.11 µg/L) and the lowest
concentration was in Lake Columbus (1.38 µg/L; Table. B1)

Figure 4.5

Variation in the concentration of nutrients such as PO43-, NO3-, NO2-, and NH4+ in
the lakes of five different clusters. (Cluster-1, n=13, Cluster-2, n=53, Cluster-3,
n=13, Cluster-4, n=38, Cluster-5, n=20)
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4.4.3

Absorption and fluorescence indices
Both absorption indices were high in cluster-1 (a254=47.53 m-1, SR=1.66). Whereas, the

lowest values of a254 (38.26 m-1) and SR (1.17) were observed in clusters-2 and 5, respectively
(Fig. 4.6). Among the 41 lakes, both highest and lowest a254 values were also observed in
cluster-1: Lake Boguehoma (127.96 m-1) and Lake Bay springs (11.98 m-1). Similarly, for SR the
highest and lowest values were observed in Lake Bay Springs (2.52) of cluster-1 and Lake
Turkeyfork (0.75) of cluster-5. Among different clusters, the DOC concentration in terms of
a440 values was high in cluster-3 (4.37 m-1) and low in cluster-5 (3.88 m-1). While considering
all lakes, the highest value of a440 was found in Lake Boguehoma (10.72 m-1) of cluster-1 and
lowest was in Lake Mike Connor (0.55 m-1) of cluster-4 (SI Table 1).
The average values of HIX varied from a maximum of 0.76 in cluster-3 to a minimum of
0.63 in cluster-4. Average values of both FI and BIX were high in cluster-1; and were 1.48 and
0.71, respectively (Fig. 4.6). The average value of FI (1.48) was also high in cluster-2. The
lowest average values of FI and BIX were observed in cluster-5 and were 1.42 and 0.62. Among
all the 41 lakes, the highest value of HIX was observed in Lake Clarkco (0.88) of cluster-2 and
lowest HIX was observed in Lake Elvis Presley (0.17) of cluster-4. Similarly, among all lakes,
the highest average values of both FI and BIX were observed in Lake Caroline of cluster-2 (1.61
and 0.86); while the lowest average values of FI and BIX were observed in Lake Clarkco
(FI=1.32) of cluster-2 and Lake Boguehoma of cluster-1 (BIX=0.51) respectively (Table B1).
Although the BIX values were low in all clusters, and were below 1, yet cluster-1 had the highest
average BIX (0.71) with a maximum of 0.84 in the Lake Bay Springs.
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Figure 4.6

Variation of optical indices such as a254, SR, HIX, FI, and BIX in the lakes of five
different clusters. (Cluster-1, n=13, Cluster-2, n=53, Cluster-3, n=13, Cluster-4,
n=38, Cluster-5, n=20).
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4.4.4

Statistical results
Multivariate statistical correlation analyses indicated a strong significant (p < 0.05)

inverse relationship between terrestrial humic-like/soil derived components (C1, C3) and
microbial humic-like/ protein-like components (C2, C4). The terrestrial humic-like/soil derived
components showed a significant (p < 0.05) positive relationship with both a254 and HIX.
Further, microbial humic-like/protein-like components had a significant negative relationship
with both a254 and HIX values (Table 4.3). The other indices including FI, BIX, and SR had a
significant (p < 0.05) positive relationship with microbial humic-like/protein-like components
and had a significant (p < 0.05) negative relationship with terrestrial humic-like/soil derived
components (Table 4.3).
After retaining two PCs, the PCA explained a total of 70.10 % of the variance in the
analysis data. The PARAFAC components, optical indices, and the land cover classes were
separated by PC1 (principal component 1) axis; while the nutrients were separated by the PC2
(principal component 2) axis. The negative PC1 loadings of PARAFAC components C1, C3,
HIX, and a254 imply terrestrial origin for C1 and C3, while positive PC1 loadings of C2, C4,
along with BIX, FI and SR suggest microbial origin for C2 and C4. The nutrients such as PO43-,
NO3-, and NO2- showed a close positive association with microbial humic-like (C2) and
protein-like (C4) DOM components. The clusters-2 and 4, which had a high percentage of
hay/pasture, rangeland, wetland, and urban coverage, were distributed along the positive PC2
axis. Similarly, clusters 1, 3, and 5, were positioned along the negative PC2 axis and had a high
percentage of forest, barren land, and agricultural areas (Fig.4.7).
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Multivariate correlation matrix of four parallel factor (PARAFAC) components
and DOM optical indices measured in 41 distinct lakes of Mississippi. Correlations
are significant at the alpha ≤ 0.05 level. Numbers in italics and bold represent a
strong correlation (r≥0.7) and significant relationship (p≤0.05). Italics only
represent a significant relationship (p≤0.05).
C1
C2
C3
C4
a254
SR
HIX
FI
BIX

4.5
4.5.1

C1

C2

C3

C4

a254

SR

HIX

FI

-0.42
0.70
-0.56
0.14
-0.16
0.13
-0.25
-0.16

-0.60
0.43
-0.31
0.24
-0.01
0.25
0.28

-0.71
0.13
-0.13
0.11
-0.13
-0.16

-0.06
0.10
0.03
0.16
0.10

-0.57
0.40
-0.68
-0.78

-0.55
0.67
0.83

-0.50
-0.61

0.84

BIX

Discussion
Land use land cover control on the spatial distribution of DOM composition
The 41 lakes of 5 different clusters were distributed non-uniformly among the 11

physiographic regions of the state of Mississippi (Fig. 4.1). Comparing the distributions, cluster5 was primarily confined to the Pine Hill physiographic unit, while clusters 1, 2, 3 and 4 showed
no preference to physiographic unit (Fig. 4.1). Forested areas represent the predominant LULC
type in both cluster 5 and the Pine Hill physiographic unit, explaining the confinement of cluster5 lakes in the Pine Hill physiographic unit. The unequal distribution of the lakes presents in other
clusters throughout the state could result from less forested areas and associated different LULC
concentrations in the other regions. Based on the four DOM compositions, we have grouped 41
lakes into five distinct clusters. Our results suggested a significant control of LULC on the
spatial distribution of DOM composition in terms of PARAFAC components across the lakes of
Mississippi. Among the four distinct DOM fluorescence components, C1 (terrestrial humic-like
component) was the most abundant, followed by C2 (microbial humic-like component). The
components C3 and C4 varied considerably even though they were present in low
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concentrations. The concentration of PARAFAC components in the lakes depended on the
amount of areal coverage of distinct LULC classes present in each watershed. The higher amount
of forested area in the watershed can contribute an enormous amount of terrestrial humic-like
component (C1) into the adjoining waterbodies (Singh et al., 2017; Sankar et al., 2019). The
higher amount of microbial humic-like component (C2) in the lakes could be due to the higher
presence of agricultural land use in the state of Mississippi (Petrone et al., 2011b; Singh et al.,
2017; Sankar et al., 2019). Although, the concentration of C3 and C4 are low, their varying
concentrations in the waterbodies could be due to the release of soil organic matter and ongoing
biological activities within the waterbodies (Kalbitz et al., 2003; Sankar et al., 2019). The
terrestrial humic-like components (C1 and C3) were high in both clusters-3 and 5, whilst, the
microbial humic-like components (C2 and C4) were high in clusters-1, 2, and 4, indicating the
influence of LULC on the spatial distribution of DOM. The area covering the hay/pasture,
rangeland and open water were high in clusters-1, 2, and 4 compared to Clusters-3 and 5. For this
reason, the lakes in the clusters-1, 2, and 4 had a higher percentage of C2 and C4, which is in
agreement with earlier reports (Graeber et al., 2015; Shang et al., 2018).
Multivariate statistical correlation analysis confirmed a significant inverse relationship
between the terrestrial humic-like (C1 and C3) and the microbial humic-like (C2 and C4) DOM
components, indicating their separate sources of origin (Table 4.3). Additionally, the significant
positive relationship of a254 and inverse relationship of SR with both C1 and C3 compared to C2
and C4 imply that both C1 and C3 having high aromaticity and high molecular weight compared
to C2 and C4. Furthermore, significant positive relationship of both BIX and FI indices with
components C2 and C4 supports its freshness nature and bacterial humic-like or protein-like
character signifying both autochthonous and allochthonous sources. On the other hand, the
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significant negative relationship of components C1 and C3 with both BIX and FI indices signify
its origin from terrestrial sources. None of the PARAFC components had any significant
relationship with HIX, yet the components C1, C3, and C4 had positive relationships while
component C2 had a negative relationship with HIX. The positive relationship of the components
C1, C3, and C4 with HIX signifies it’s more humic and hydrophilic character than component
C2. Furthermore, the spatial distribution pattern of the component C4 was just opposite to that of
the components C1 and C3, implying that C1 and C3 as the source of C4. On the other hand, the
component C2 did not show any such distribution pattern, which implies a separate source of
origin.
The clustering of 41 lakes based on the DOM composition can be explained by its
watershed LULC and/or lake size. Comparing the DOM chemistry of lakes in different clusters,
it was found that the DOM present in clusters-5 and 3 had higher molecular weight and
aromaticity than it was in clusters-4 and 2. The higher average values of a254 and lower SR
values of DOM in clusters-3 and 5 indicates the presence of more aromatic and heavier DOM
(molecular weight high) compounds in those lakes (Fig. 4.6). The higher amount of forests and
unconsolidated soil in agricultural areas in the watershed of clusters-3 and 5 lakes could be the
reason for the presence of highly aromatic and heavier DOM compounds (Fig. 4.3 & 4.4). The
DOM in cluster-1 lakes were characterized by the presence of fresh autochthonous lowmolecular-weight, and lesser aromatic DOM, that suggests the higher amount of ongoing
autochthonous photo-biodegradation of reactive aromatic DOM into fresh, simpler and labile
DOM compounds. Furthermore, area of the lakes in cluster-1 (open water 7.16%) was also
higher suggesting grater area for autochthonous production by photolytic and biological
reactions. The DOM present in the lakes of clusters-2 and 4 were having low-molecular-weight
123

and labile in nature; that is microbial humic-like or protein-like in composition. The presence of
more hay/pastoral and rangeland areas in clusters-2 and 4 and relatively more agricultural areas
in cluster-4 could be the sources of microbial humic-like or protein-like DOM in those lakes
(allochthonous sources).
4.5.2

Spatial distribution of nutrients in the water bodies
While considering the amount of nutrients in all clusters, the mean concentrations of

NO3- were highest (225.66 µg/L), followed by PO43- (38.30 µg/L), NH4+ (14.73 µg/L) and NO2(3.62 µg/L). Overall high concentration of NO3- and PO43- in all clusters is due to the presence of
rangeland, hay/pastural areas. However, both NO3- and NO2- were higher in cluster-2, while the
concentration of PO43- was higher in cluster-4 and NH4+ was higher in cluster-1. The NO3- and
NO2- contamination by livestock fields and feedlots in the pastoral and rangeland areas are well
documented (Kim et al., 2003; Lewis et al., 2006; Bouwman et al., 2011). Cluster-2 had the
highest areal coverage of hay/pasture and rangeland areas which explain the reason for the higher
concentration of NO3- and NO2-. High concentration of PO43- in cluster-4 followed by cluster-2
can be linked to the presence of a high percentage of agricultural and hay/pastoral areas in their
watershed. Furthermore, the high drainage ratio was also observed in both clusters-2 and 4.
Application of PO43- and NO3- based fertilizers (nitrate, ammonium, urea) in the agricultural
areas and their leaching into water bodies through surface and subsurface runoff can be the cause
of their higher concentration. Similar observations on elevated concentrations of dissolved PO43and NO3- in agricultural dominated watersheds were widely documented (Johnes, 1996; Hu et
al., 2017; Mekonnen & Hoekstra, 2017). Higher concentration of NH4+ and relatively low levels
of PO43-, NO3-, and NO2- in the lakes of cluster-1. High concentration of NH4+ in lakes have been
attributed to higher phytoplankton intake (Quirós, 2003), low nitrification rate, and/or high rate
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of photochemical degradation of organic matter (Stedmon et al., 2007; Mostofa et al., 2013). The
cluster 1 has a larger relative water surface area for photodegradation, suggesting that organic
matter mineralization could be responsible for the elevated NH4+ concentrations. On the other
hand, the higher amounts of autochthonous protein-like DOM component (C4%) in cluster-1
lakes suggested higher autochthonous productivity in these lakes and phytoplankton was not the
dominant control of ammonium variability.
The PCA results reaffirmed all of the above findings related to DOM quality, the spatial
distribution of DOM and nutrients with respect to the various LULC classes present in the
watershed (Fig. 4.7). The co-occurrence of a254, HIX, and components C1 and C3 on the
negative side of the PC1 axis suggested a highly humic and aromatic character for both C1 and
C3. On the other hand, the presence of FI, BIX, SR, and components C2 and C4 along the
positive side of the PC1 axis indicate fresh, labile, and simpler DOM character for the
components C2 and C4. The close association of components C1 and C3 with clusters 3 and 5
along the positive PC1 axis suggested the export of terrestrial humic-like and soil derived humiclike DOM from the forested, barren land, wetlands, and exposed unconsolidated soils of
agricultural areas of their watersheds. The close association of cluster-1 with component C4,
NH4+, and forested land use and its inverse relationship with components C1 and C3 clearly
suggests active photo-biodegradation of C1 and C3, which was originated from forests in the
watershed, into C4 and NH4+ in those lakes. The photoreactive nature of the highly humic and
aromatic terrestrial and soil humic-like components (C1 and C3) were widely reported (Duan &
Thomas, 2006; Singh et al., 2018; Sankar et al., 2019). The composition of DOM present in the
lakes of clusters-2 and 4 were more microbial humic-like (C2) and suggests hay/pasture and
rangeland areas as the source of C2 as indicated by their close associations in the PCA plot. As
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was previously mentioned, the PCA reaffirmed the presence of higher amounts of NO3-, NO2-,
and PO43- in both clusters-2 and 4, suggesting their source as hay/pasture, rangeland and
urbanized areas in their watershed. Presence of high amounts of DOC in clusters-3 and 5 is
interpreted from the close association of a440 and clusters-3 and 5 along the negative side of
PC1.

Figure 4.7

PCA biplot of loadings and scores determined by using the average values for each
of the variables such as PARAFAC components, optical indices, nutrients, and
LULC classes of the lakes in five different clusters. (CT1- Cluster-1, CT2Cluster-2, CT3-Cluster-3, CT4-Cluster-4, CT5-Cluster-5).
126

4.6

Conclusions
The present research was aimed to understand the effects of watershed LULC on the

sources and composition of DOM in lakes. We identified four predominant DOM components in
41 lakes across the state of Mississippi, including a terrestrial humic-like component (C1), a
microbial humic-like component (C2), a soil-derived humic-like component (C3) and a
tryptophan-like or tyrosine like or protein-like component (C4). These DOM compositions were
used to group the lakes into five clusters with unique attributes. All five clusters showed high
spatial coverage of forests and occurrence of C1, suggesting Mississippi forests are the primary
source of DOM in all studied lakes. Further, the results suggested a strong LULC control over
the spatial distribution of DOM and nutrients in the 41 lakes. Specifically, we noted the presence
of higher amounts of C4 and NH4+ in lakes of cluster-1, even though they had a higher
percentage of forested areas in their watersheds, implying higher photo-biodegradation was
present in these large lakes (open water-7.16%), degrading C1 and C3 into C4 and NH4+. High
concentrations of NO3-, NO2-, and PO43- along with the high microbial humic-like DOM
component (C2) in both clusters 2 and 4 suggested wastewater runoff from livestock fields and
feedlots in pastoral and rangeland areas contributed heavily to the DOM presence in these lakes.
The presence of higher coverage of forested, barren land, wetlands, and exposed unconsolidated
soils of agricultural areas in the watersheds of clusters 3 and 5 were the primary sources of
components C1 and C3.
Although we hypothesized that the influences of LULC are largely removed by withinlake processing of DOM, our study demonstrates the importance of understanding the
distribution of LULC classes in the watershed while appraising the fate of DOM in a waterbody.
The reactivity and quality of DOM in an aquatic system is dependent upon its source of origin.
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The presence of more aromatic and photosensitive, terrestrial humic-like DOM in a waterbody
can undergo photo-biodegradation and can cause the formation of more labile fresh protein-like
DOM compounds. The amount of forested areas in a watershed determine the quantity of
photoreactive DOM in a waterbody (Attermeyer et al., 2018; Sankar et al., 2019). The reactivity
of DOM also influences its association with trace elements and the concentration of CO2 and
hence pH of water (Yamashita & Jaffe; 2008; Cai et al., 2011). The absorption of light by DOM
in the ultraviolet and blue portions of the spectrum makes it an important control on the transfer
of solar radiation through the water column which is critical to the structure and function of
aquatic ecosystems (Häder et al., 2007). Potential climate and LULC changes in the context of
urbanization and population growth which are expected globally, and in the southern United
States in particular, emphasize the importance of understanding the source, transit, and fate of
DOM to lakes across diverse watersheds surrounded by a variety of LULC.
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CONCLUSIONS
The major source of dissolved organic matter (DOM) in the coastal and inland water
bodies of the southern United States including Mississippi, and parts of Louisiana and Alabama
are the land use and land covers such as forests, woody/herbaceous wetlands as well as
agriculture and pastoral areas. The DOM present in these water bodies were very sensitive to
natural (sunlight) and biological (bacterial) degradation. While comparing water bodies in
different watersheds, humic-like or fulvic like, aromatic, and high molecular weight terrestrial
DOM from forests and woody/herbaceous wetlands was much more photoreactive than the fresh
low molecular weight, simpler bacterial DOM from agricultural sources. Present research
showed that DOC degradation and reduction of aromaticity of DOM were faster during photobiodegradation than during biodegradation; thus, bacterial action alone cannot be very effective
in changing the DOM composition. Our results suggest that during both photo-biodegradation
and biodegradation, the DOM present in the water bodies undergo size reduction processes. The
size reduction processes can generate simpler DOM molecules and can change the composition
of DOM to be more recalcitrant. The simpler DOM can act as the food source for the microorganisms present in the aquatic system.
The DOM, trace element, and nutrient flux of the coastal water bodies, such as the Weeks
Bay is controlled by watershed hydrology and diverse types of land use and land cover classes. It
was found that the delivery of DOM, trace elements, and nutrients into the Weeks Bay was
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dependent on precipitation in the watershed and the subsequent water discharge into the bay
through the two blackwater rivers, Fish and Magnolia. The fluxes of trace elements As, Cu, and
U, and the nutrients NO3- and PO43- were higher in the Weeks Bay following the precipitation in
the watershed along with fluxes of microbial-humic and soil-derived, and humic component
DOM. This indicated that following precipitation, the trace elements As, Cu, and U are exported
to the bay along with soil leachate and anthropogenic or microbial DOM components from
various anthropogenic sources present in the watershed such as agricultural areas or industries.
On the other hand, the fluxes of Hg, Zn, Mn, and Fe decreased following precipitation events
indicating the effect of bay bottom redox conditions. However, the terrestrial humic-like DOM
component remained the same during both dry and wet periods indicating their constant supply
from nearby woody herbaceous wetlands.
Based on the DOM chemistry of the waterbodies and land use land cover classes of their
surrounding watersheds, 41 lakes across the state of Mississippi were grouped into 5 different
clusters. Four different DOM compositions in the surface water bodies of Mississippi were
identified including a terrestrial humic-like component, a microbial humic-like component, a
soil-derived humic-like component, and a tryptophan-like or tyrosine like or protein-like
component. The results show that there is a strong land use and land cover control over the
spatial distribution of DOM and nutrients in the 41 lakes of five different clusters. The amount of
both terrestrial humic-like composition in the lakes and percentage of areal coverage of forested
areas in the watershed were high in all the 41 lakes implying forested areas of Mississippi as the
major source of DOM. Similarly, the results also suggest a higher rate of photo-biodegradation
of terrestrial humic-like and soil-derived humic-like components into protein-like component and
NH4+ in lakes of cluster-1. Furthermore, the presence of higher concentration of NO3-, NO2-, and
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PO43- along with high microbial humic-like DOM component in the lakes of both clusters-2 and
4 indicate livestock fields and feedlots in the pastoral and rangeland areas of their watersheds as
the major DOM source. High concentration of terrestrial humic-like and soil-derived humic-like
components in the clusters-3 and 5 indicate forested, barren, wetlands, and exposed
unconsolidated soils of agricultural areas in their watersheds as the source for the DOM.
DOM is an integral part of surface waters that controls various water quality parameters
like pH, light penetration, and nutrient and toxic metal cycling. Present research identifies that
the reactivity and quality of DOM in an aquatic system are dependent upon the source of DOM.
Thus, results of this study are important to understand the dynamics of DOM, nutrients and trace
elements in terms of their source (LULC) and hydrology. Recent climate change reports predict
that southern states, particularly Mississippi, Alabama, and Louisiana will increasingly
experience inclement climate conditions into the future. Land use-land cover changes with
urbanization and population growth are expected globally as well as in the southern US. This
research emphasizes the importance of understanding the source, transport, and fate of DOM to
water bodies surrounded by watersheds with a diverse types of land use and land cover in the
southern united states.
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ADDITIONAL FIGURES: DISSOLVED ORGANIC MATTER AND TRACE ELEMENT
VARIABILITY IN A BLACKWATER-FED BAY FOLLOWING PRECIPITATION
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Figure A.1

Variation of actual concentration of trace elements in Weeks Bay water during low
precipitation (L, n=12), moderately-high precipitation (MH, n=12), moderatelylow precipitation (ML, n=13) and high precipitation (H, n=12) events. ‘n’ denotes
number of samples.
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Figure A.2

Variation of actual concentration of nutrients, DOC, and TDN in Weeks Bay water
during low precipitation (L, n=12), moderately-high precipitation (MH, n=12),
moderately-low precipitation (ML, n=13) and high precipitation (H, n=12) events.
‘n’ denotes number of samples.
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Figure A.3

XRD diagram of Weeks bay sediment sample with relative abundance of minerals.
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Figure A.4

Relationships of trace elements with salinity for Weeks Bay.
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Figure A.5

Relationships of nutrients, DOC and TDN with salinity for Weeks Bay.
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ADDITIONAL FIGURES: LAND USE AND LAND COVER CONTROL ON THE SPATIAL
DISPERSAL OF DISSOLVED ORGANIC MATTER ACROSS 41 LAKES IN MISSISSIPPI,
USA
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Figure B.1

Four component (C1, C2, C3, C4) PARAFAC model derived after split-half
validation and random initialization for the lakes of Mississippi. The blue curve
represents excitation loadings and red curve represents the emission loadings of the
PARAFAC components. Contour plots corresponding to the components identified
by PARAFAC analysis.
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Table B.1

#

The amount of parallel factor (PARAFAC) components (R.U.), optical indices and nutrient concentration (µg/L) of the
water samples collected from 41 different lakes representing 5 clusters. The letters (A through F) after the lake name
represent different samples from the sample lake.
Sample ID

C1
(R.U)

C2
(R.U)

C3
(R.U)

C4
(R.U)

a254
(m-1)

SR

HIX

FI

BIX

NO3(µg/L)

NO2(µg/L)

NH4+
(µg/L)

PO43- (µg/L)

1

Boguehoma A

0.74

0.38

0.23

0.49

123.63

0.85

0.83

1.34

0.51

64.29

5.15

59.71

15.20

2

Boguehoma B

0.74

0.40

0.23

0.48

136.55

0.84

0.80

1.32

0.51

118.95

6.30

116.17

34.19

3

Boguehoma C

0.74

0.41

0.23

0.44

123.71

0.83

0.80

1.33

0.51

98.07

5.47

109.86

29.44

4

Tombigbee A

0.67

0.45

0.22

0.52

36.53

1.54

0.55

1.50

0.75

4.87

1.33

10.28

20.89

5

Tombigbee B

0.68

0.42

0.22

0.56

26.40

1.25

0.80

1.51

0.73

6.20

1.24

9.74

20.89

6

Tombigbee C

0.68

0.45

0.22

0.54

26.60

1.36

0.84

1.50

0.73

8.86

1.06

10.10

18.99

7

Bay Springs A

0.68

0.51

0.22

0.46

8.70

3.43

0.36

1.54

0.91

18.72

0.51

16.05

15.20

8

Bay Springs B

14.77

1.96

0.18

1.59

0.85

2.11

0.37

4.69

13.30

9

Bay Springs C

0.62

0.51

0.20

0.51

8.79

2.97

0.62

1.53

0.84

0.00

0.41

10.64

11.40

10

Bay Springs D

0.57

0.53

0.19

0.44

15.68

1.72

0.30

1.60

0.78

1.26

0.60

10.64

12.35

11

English Lake A

0.69

0.46

0.22

0.41

20.45

1.73

0.56

1.53

0.75

4.18

2.02

9.92

62.68

12

English Lake B

0.67

0.47

0.22

0.43

19.27

1.47

0.69

1.54

0.77

10.15

2.25

12.09

72.18

13

English Lake C

0.67

0.55

0.25

0.38

21.28

2.44

0.70

1.52

0.77

7.57

2.35

12.27

67.43

14

Lincoln A

0.27

0.41

0.12

0.28

46.17

1.77

0.41

1.53

0.70

4.91

2.53

13.53

54.13

15

Lincoln B

0.59

0.53

0.19

0.24

51.43

1.96

0.38

1.54

0.70

4.45

2.99

14.61

75.98

16

Lincoln C

0.62

0.54

0.21

0.21

45.76

1.80

0.37

1.53

0.71

10.77

2.25

19.30

63.63

17

Lake Buff A

0.68

0.60

0.23

0.35

51.74

0.87

0.69

1.47

0.62

1102.49

2.44

5.95

50.33

18

Lake Buff B

0.67

0.59

0.24

0.40

49.08

0.84

0.78

1.48

0.61

1198.30

2.12

6.85

60.78

19

Lake Buff C

0.66

0.56

0.23

0.44

50.45

0.91

0.69

1.49

0.61

1690.89

1.84

7.04

59.83

20

Lake Lowndes A

0.64

0.54

0.19

0.51

19.00

1.51

0.76

1.52

0.76

1844.44

0.83

19.84

63.63

21

Lake Lowndes B

0.69

0.54

0.23

0.27

19.83

1.50

0.80

1.52

0.76

1570.47

0.74

6.67

52.23

22

Lake Lowndes C

0.66

0.57

0.23

0.23

19.81

1.50

0.81

1.52

0.75

1634.20

0.87

1.26

44.64
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Table B.1 (continued)
23

Tippah County A

0.67

0.53

0.22

0.48

14.97

1.84

0.54

1.55

0.80

5.44

1.38

4.33

30.39

24

Tippah County B

0.64

0.56

0.20

0.26

15.89

2.03

0.62

1.56

0.79

5.83

1.61

6.85

28.49

25

Tippah County C

0.71

0.55

0.24

0.22

14.79

1.54

0.41

1.55

0.81

6.34

1.10

5.23

21.84

26

Lake Loakfoma A

0.76

0.42

0.30

0.15

49.92

1.09

0.89

1.51

0.63

10.81

2.21

298.73

26.59

27

Lake Loakfoma B

0.75

0.44

0.29

0.13

50.33

1.55

0.77

1.57

0.66

1197.81

19.97

10.46

35.14

28

Lake Loakfoma C

0.63

0.51

0.16

0.75

51.81

0.98

0.84

1.51

0.63

1172.20

5.89

6.13

26.59

29

Hideaway A

0.77

0.38

0.33

0.08

66.91

1.30

0.74

1.54

0.72

34.88

2.94

14.61

23.74

30

Hideaway B

0.71

0.47

0.22

0.34

63.30

0.81

0.72

1.36

0.54

120.65

3.36

9.74

18.04

31

Hideaway C

0.70

0.46

0.22

0.32

53.66

0.85

0.73

1.36

0.55

25.46

2.44

9.56

18.99

32

Simpson legion A

0.67

0.48

0.22

0.36

43.21

1.29

0.45

1.57

0.64

5.48

2.58

23.63

62.68

33

Simpson legion B

0.69

0.45

0.23

0.34

43.10

1.31

0.48

1.55

0.64

2.55

1.79

15.33

24.69

34

Simpson legion C

0.68

0.49

0.24

0.38

40.55

1.29

0.50

1.55

0.65

10.67

2.35

22.73

45.59

35

Simpson legion D

0.78

0.39

0.35

0.08

43.42

1.36

0.44

1.58

0.65

10.79

2.85

30.31

79.78

36

Calling Panther A

0.74

0.39

0.23

0.52

41.96

1.41

0.57

1.45

0.67

13.29

2.21

11.73

23.74

37

Calling Panther B

0.74

0.44

0.24

0.23

44.63

1.49

0.49

1.44

0.66

11.57

2.07

5.77

18.99

38

Calling Panther C

0.74

0.45

0.24

0.20

43.77

1.45

0.49

1.44

0.66

116.80

2.25

19.66

18.99

39

Calling Panther D

0.73

0.44

0.23

0.21

43.38

1.37

0.59

1.45

0.66

10.24

2.16

9.74

19.94

40

Kemper A

0.77

0.37

0.32

0.10

18.54

1.46

0.18

1.49

0.88

74.91

0.74

17.68

13.30

41

Kemper B

0.71

0.47

0.22

0.34

18.26

1.83

0.77

1.51

0.73

17.73

0.87

10.46

13.30

42

Kemper C

0.72

0.45

0.24

0.30

17.10

1.54

0.84

1.48

0.73

8.52

0.78

11.00

13.30

43

Kemper D

0.69

0.57

0.19

0.40

17.36

1.48

0.79

1.49

0.73

2.50

0.60

12.27

14.25

44

Flint Creek A

0.70

0.56

0.26

0.29

19.62

1.09

0.90

1.39

0.62

4.11

1.47

3.07

16.15

45

Flint Creek B

0.71

0.58

0.27

0.30

16.37

0.96

0.85

1.40

0.63

11.36

1.66

5.23

18.99

46

Flint Creek C

0.69

0.55

0.25

0.41

47.61

0.95

0.86

1.36

0.54

26.22

2.30

4.15

16.15

47

Lake Mary A

0.60

0.65

0.23

0.56

34.96

1.53

0.83

1.52

0.67

3059.99

55.76

8.66

82.63

48

Lake Mary B

0.70

0.55

0.25

0.24

34.90

1.23

0.77

1.55

0.71

4009.78

58.98

9.20

90.22
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49

Lake Mary C

0.77

0.45

0.32

0.14

45.58

1.34

0.76

1.54

0.69

2900.62

52.68

17.68

108.27

50

Caroline A

0.69

0.56

0.23

0.35

19.99

1.95

0.48

1.65

0.84

4.34

1.24

9.92

31.34

51

Caroline B

0.71

0.56

0.24

0.29

19.42

1.91

0.44

1.60

0.86

5.85

2.21

7.40

42.74

52

Caroline C

0.77

0.48

0.30

0.15

20.05

2.26

0.50

1.59

0.87

5.32

2.12

8.66

37.99

53

Caroline D

0.66

0.57

0.22

0.34

20.27

2.38

0.37

1.59

0.87

4.45

1.75

8.66

40.84

54

Prentice Walker A

0.70

0.52

0.20

0.43

20.72

1.48

0.65

1.45

0.69

25.03

3.50

11.91

88.32

55

Prentice Walker B

0.71

0.55

0.25

0.22

21.84

1.15

0.82

1.45

0.69

0.48

0.14

8.12

13.30

56

Prentice Walker C

0.70

0.55

0.23

0.23

23.99

1.71

0.77

1.46

0.69

34.92

4.14

10.28

108.27

57

Clarkco A

0.66

0.54

0.19

0.30

76.07

1.05

0.89

1.32

0.54

5.60

3.08

12.45

8.55

58

Clarkco B

0.72

0.54

0.23

0.21

79.19

0.97

0.88

1.32

0.52

8.26

2.90

18.58

5.70

59

Clarkco C

0.72

0.54

0.23

0.20

78.12

0.96

0.88

1.31

0.53

2.73

2.85

11.36

5.70

60

Bill Waller A

0.69

0.47

0.23

0.27

19.29

1.35

0.91

1.46

0.65

14.60

1.52

5.95

14.25

61

Bill Waller B

0.71

0.54

0.28

0.23

18.29

1.16

0.88

1.47

0.65

4.15

1.43

7.76

15.20

62

Bill Waller C

0.72

0.46

0.22

0.24

19.56

1.23

0.80

1.46

0.65

18.60

1.24

3.97

14.25

63

Turkey Creek A

0.71

0.52

0.24

0.22

55.42

1.14

0.81

1.42

0.60

2.50

3.08

8.48

10.45

64

Turkey Creek B

0.72

0.52

0.25

0.24

57.92

1.17

0.71

1.42

0.60

2.06

2.90

12.27

9.50

65

Turkey Creek C

0.70

0.52

0.24

0.22

63.91

1.13

0.87

1.41

0.59

2.77

2.81

14.79

7.60

66

Turkey Creek D

0.71

0.52

0.26

0.33

55.27

1.13

0.80

1.41

0.60

2.91

2.67

9.74

10.45

67

Dry Creek A

0.77

0.35

0.38

0.06

47.62

1.00

0.86

1.43

0.59

9.34

2.44

10.82

12.35

68

Dry Creek B

0.78

0.34

0.43

0.05

48.13

1.04

0.92

1.42

0.59

11.91

2.35

12.99

10.45

69

Dry Creek C

0.74

0.47

0.28

0.12

47.77

0.99

0.80

1.43

0.60

6.33

2.35

7.58

5.70

70

Moon Lake A

0.74

0.47

0.28

0.09

27.68

1.43

0.72

1.48

0.73

3.44

1.52

6.49

65.53

71

Moon Lake B

0.81

0.50

0.33

0.07

37.50

1.75

0.74

1.48

0.73

6.63

1.43

8.30

96.87

72

Moon Lake C

0.81

0.51

0.33

0.07

27.46

1.22

0.68

1.49

0.74

2.91

1.43

6.31

70.28

73

Moon Lake D

0.72

0.54

0.24

0.15

28.88

1.34

0.75

1.50

0.72

2.20

1.52

8.48

110.17

74

Geiger Lake A

0.76

0.47

0.29

0.15

59.67

0.86

0.79

1.33

0.53

19.88

2.44

7.58

13.30

2
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75

Geiger Lake B

0.77

0.36

0.33

0.08

57.79

0.79

0.90

1.33

0.53

9.92

2.48

5.41

14.25

76

Geiger Lake C

0.75

0.36

0.34

0.07

60.51

0.79

0.84

1.33

0.53

6.10

2.58

3.79

15.20

77

Lake Natchez A

0.75

0.46

0.31

0.09

43.33

1.65

0.60

1.52

0.72

7.37

1.93

6.85

34.19

78

Lake Natchez B

0.76

0.38

0.38

0.12

45.68

1.82

0.62

1.50

0.68

1.35

1.75

8.30

23.74

79

Lake Natchez C

0.76

0.38

0.37

0.09

40.42

1.75

0.61

1.53

0.73

3.83

1.75

10.46

41.79

80

Maynor Creek A

0.76

0.44

0.26

0.27

69.15

0.93

0.87

1.34

0.55

4.34

2.48

1.26

8.55

81

Maynor Creek B

0.77

0.45

0.29

0.11

117.85

0.86

0.80

1.31

0.50

5.02

4.28

4.33

9.50

82

Maynor Creek C

0.76

0.45

0.29

0.12

68.21

1.00

0.88

1.35

0.55

86.32

2.35

3.79

8.55

83

Archusa A

0.75

0.37

0.33

0.09

92.15

0.89

0.82

1.34

0.52

4.84

3.22

13.89

6.65

84

Archusa B

0.68

0.54

0.26

0.34

91.19

0.92

0.88

1.34

0.52

5.85

3.45

25.62

7.60

85

Archusa C

0.74

0.51

0.29

0.15

84.02

0.92

0.85

1.34

0.52

44.50

3.86

14.25

6.65

86

Bee Lake A

0.75

0.50

0.33

0.16

24.50

2.28

0.78

1.53

0.76

3.78

3.04

8.12

77.88

87

Bee Lake B

0.75

0.50

0.32

0.17

31.28

2.33

0.52

1.51

0.76

20.30

3.27

9.92

84.52

88

Bee Lake C

0.75

0.48

0.30

0.17

28.78

2.53

0.54

1.52

0.78

10.95

3.31

8.66

112.07

89

Bee Lake D

0.70

0.47

0.22

0.27

24.50

1.65

0.73

1.49

0.76

5.28

2.16

7.58

45.59

90

Roosevelt Sate Park A

0.71

0.45

0.27

0.21

52.36

1.23

0.69

1.46

0.66

2.94

2.02

3.25

14.25

91

Roosevelt Sate Park B

0.71

0.46

0.28

0.18

55.19

1.26

0.80

1.46

0.65

5.67

2.39

3.79

16.15

92

Roosevelt Sate Park C

0.73

0.47

0.28

0.16

53.36

1.24

0.74

1.46

0.66

4.66

2.16

3.07

24.69

93

Washington A

0.71

0.53

0.24

0.21

34.19

2.63

0.44

1.56

0.83

23.00

4.28

22.91

334.30

94

Washington B

0.73

0.53

0.28

0.16

27.06

1.81

0.59

1.56

0.82

17.61

2.85

20.93

250.72

95

Washington C

0.71

0.53

0.27

0.17

25.71

1.53

0.57

1.58

0.84

16.19

3.04

19.48

263.07

96

Washington D

0.74

0.53

0.29

0.14

32.96

2.37

0.41

1.56

0.83

16.90

2.94

17.14

241.23

97

Mike Connor A

0.67

0.58

0.24

0.37

17.65

1.15

0.72

1.50

0.71

23.95

1.47

30.85

16.15

98

Mike Connor B

0.76

0.47

0.28

0.08

18.52

1.08

0.81

1.50

0.71

19.22

1.24

23.63

14.25

99

Mike Connor C

0.76

0.48

0.27

0.08

21.03

1.40

0.81

1.50

0.71

19.61

1.47

16.24

12.35

100

Walthall A

0.75

0.39

0.31

0.14

20.92

1.33

0.38

1.44

0.67

3.49

1.47

8.66

5.70
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Table B.1 (continued)
101

Walthall B

0.72

0.52

0.24

0.21

23.21

1.28

0.33

1.43

0.67

3.63

1.33

5.95

8.55

102

Walthall C

0.73

0.53

0.24

0.19

22.60

1.40

0.33

1.42

0.69

1.15

1.33

9.20

7.60

103

Lamar Bruce A

0.77

0.38

0.39

0.09

25.56

1.68

0.43

1.53

0.77

28.22

0.92

9.56

24.69

104

Lamar Bruce B

0.77

0.39

0.36

0.08

26.45

1.58

0.56

1.51

0.77

7.62

1.06

12.09

21.84

105

Lamar Bruce C

0.62

0.54

0.18

0.60

20.18

1.48

0.72

1.53

0.77

3.37

0.97

9.56

22.79

106

Elvis Presley A

0.78

0.35

0.39

0.05

20.96

2.13

0.10

1.53

0.83

2.64

0.46

12.09

13.30

107

Elvis Presley B

0.69

0.47

0.22

0.38

20.48

2.07

0.24

1.52

0.83

3.12

0.60

11.73

15.20

108

Claude Bennett A

0.74

0.43

0.25

0.21

70.81

1.15

0.80

1.43

0.63

22.11

3.31

4.15

12.35

109

Claude Bennett B

0.61

0.35

0.31

0.23

66.12

1.10

0.76

1.44

0.62

3.14

2.44

3.79

12.35

110

Claude Bennett C

0.74

0.42

0.26

0.17

69.50

1.14

0.81

1.43

0.62

2.57

2.39

21.83

20.89

111

Claude Bennett D

0.73

0.42

0.25

0.20

67.34

1.16

0.75

1.42

0.63

3.44

2.76

2.71

18.04

112

Lake Columbus A

0.70

0.45

0.24

0.22

41.99

0.89

0.67

1.45

0.65

1591.20

1.70

1.08

105.42

113

Lake Columbus B

0.76

0.37

0.33

0.09

41.75

0.90

0.64

1.47

0.66

1879.66

1.56

0.18

171.90

114

Lake Columbus C

0.71

0.43

0.26

0.22

53.47

0.91

0.68

1.46

0.66

1646.39

1.70

2.71

126.31

115

Lake Columbus D

0.72

0.43

0.26

0.24

24.89

1.08

0.72

1.46

0.65

1662.92

1.29

1.26

72.18

116

Lake Columbus E

0.69

0.45

0.24

0.24

24.62

1.09

0.68

1.46

0.65

1216.14

1.01

2.35

58.88

117

Lake Columbus F

0.78

0.42

0.30

0.13

19.22

1.47

0.80

1.52

0.72

1275.99

0.69

0.72

65.53

118

Lake Perry A

0.77

0.37

0.37

0.09

47.76

0.84

0.77

1.38

0.54

10.49

2.53

9.38

25.64

119

Lake Perry B

0.78

0.38

0.37

0.08

49.03

0.87

0.81

1.38

0.54

11.87

2.39

18.94

24.69

120

Lake Perry C

0.72

0.43

0.29

0.26

48.31

0.82

0.86

1.43

0.50

22.23

2.58

5.41

26.59

121

Lake Columbia A

0.72

0.40

0.29

0.14

40.38

0.98

0.37

1.43

0.62

10.90

2.12

4.15

15.20

122

Lake Columbia B

0.75

0.37

0.32

0.12

38.07

0.90

0.85

1.42

0.60

8.95

2.21

5.95

17.09

123

Lake Columbia C

0.73

0.39

0.31

0.13

39.25

1.03

0.88

1.42

0.60

3.65

1.93

5.95

16.15

124

Tangipahoa A

0.77

0.38

0.33

0.07

51.16

1.35

0.83

1.44

0.61

5.76

2.30

11.91

35.14

125

Tangipahoa B

0.71

0.52

0.28

0.25

48.10

1.26

0.90

1.44

0.61

2.82

1.52

14.97

13.30

126

Tangipahoa C

0.86

0.38

0.31

0.11

46.72

1.34

0.70

1.45

0.62

60.03

1.98

9.38

30.39

4
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Table B.1 (continued)
127

Turkeyfork A

0.70

0.53

0.23

0.21

89.04

0.76

0.75

1.36

0.52

21.01

3.17

4.51

18.04

128

Turkeyfork B

0.76

0.40

0.31

0.12

97.73

0.75

0.71

1.33

0.50

34.39

4.05

2.71

18.04

129

Turkeyfork C

0.76

0.36

0.36

0.09

89.15

0.73

0.77

1.43

0.51

11.50

2.76

4.15

17.09

130

Marycrowford A

0.59

0.54

0.21

0.20

36.63

1.25

0.76

1.45

0.69

6.13

1.93

14.79

91.17

131

Marycrowford B

0.77

0.46

0.28

0.10

38.14

1.66

0.75

1.43

0.69

21.93

2.25

17.86

64.58

132

Marycrowford C

0.78

0.44

0.29

0.11

40.09

1.73

0.78

1.44

0.70

41.84

4.05

15.51

39.89

133

Marycrowford D

0.78

0.46

0.28

0.09

36.53

1.40

0.76

1.45

0.70

39.82

3.59

14.79

50.33

134

Okhissa A

0.76

0.47

0.24

0.11

15.24

1.57

0.32

1.47

0.75

13.16

1.10

11.18

12.35

135

Okhissa B

0.76

0.47

0.20

0.11

15.98

1.58

0.32

1.46

0.76

4.57

1.01

8.66

8.55

136

Okhissa C

0.76

0.46

0.22

0.11

15.48

1.80

0.25

1.46

0.75

8.33

0.97

10.28

7.60

137

Okhissa D

0.66

0.56

0.23

0.19

15.20

1.51

0.42

1.47

0.78

20.55

1.15

15.69

9.50

Table B.2

The global measure of performance estimated by“Silhouette Test” for different type of clustering methods.
Type of clustering method

Mean silhouette

Number of ungrouped samples

Average
Ward
K-means
Complete
Single

0.42
0.40
0.39
0.36
0.17

1
1
0
1
10
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